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Trans-membrane E-cadherin receptors mediate cell-cell adhesion via a 
complex called the Adherens Junctions (AJ) that is crucial for maintenance of 
epithelial integrity in homeostasis, during development, morphogenesis and 
tissue repair. Linkage of the cytoplasmic tail of E-cadherin to the actomyosin 
cytoskeleton is essential for the stability of cadherin clusters, as well as to 
confer on the AJ force-sensing and force-generating capabilities. Actin 
polymerization that provides the driving force for AJ formation and 
remodeling is predominantly mediated by two classes of actin nucleators – the 
Arp2/3 complex and formins. The Arp2/3 complex has a well-characterized 
role in the turnover of actin at the AJ, while the role of formins is less clear. 
In this study, we investigated the function of formin-dependent actin 
polymerization at the AJ, in both quiescent and collectively migrating 
monolayers. 
 
Using siRNA-mediated knockdown (KD) and live-cell imaging approaches, 
we identified Diaphanous-related formin-1 (mDia1) and Formin-like 3 
(Fmnl3) as key regulators of junctional actin turnover in cultured mammary 
epithelial cells. Knockdown of either mDia1 or Fmnl3 resulted in several 
striking phenotypes including: (a) ~30% reduction in F-actin and E-cadherin 
at the AJ, (b) 2-fold increase in cell area and loss of columnar epithelial 
architecture, and (c) weaker cell-cell adhesion strength. Fluorescence 
Recovery After Photobleaching measurements of E-cadherin and F-actin at 
the AJ revealed increased stability of E-cadherin facilitated by formin-
polymerized actin. Endogenous mDia1 exhibited diffuse localization in 
 	 vii	
epithelial cells, while both endogenous and exogenous Fmnl3 localized 
prominently to cell-cell contacts. Expression of exogenous Fmnl3 led to a 
~25% increase in F-actin and E-cadherin at the AJ. Further, activation of 
Fmnl3 was dependent on Cdc42 binding, which in turn was found to function 
downstream of Src-kinase at the AJ.  
 
In monolayers subjected to an in vitro scratch assay, depletion of Fmnl3 
resulted in poor cohesion and dispersion of leader cells during migration, 
while double KD (mDia1 and Fmnl3) led to complete failure in migration. 
Importantly, time-course analysis during migration revealed up-regulation of 
Fmnl3 expression and increased junctional localization of the protein, 
implicating Fmnl3 in AJ reinforcement under conditions of increased strain. 
Indeed, using drug treatments to alter cellular contractility, we show that 
Fmnl3 is recruited to the AJ in a force-dependent manner.     
 
In summary, this study identifies essential roles for mDia1 and Fmnl3 in 
reinforcing cell-cell junctions. We also show, for the first time, loss of 
epithelial cohesion in a collective migration model and weakening of cell-cell 
adhesion strength associated with perturbation of formin activity. Overall, we 
demonstrate the importance of formin-dependent actin polymerization in 
supporting adhesion and cohesion, which is vital for dynamic processes such 
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1.1 Adherens Junctions – Composition and Organization  
 
Evolution of multi-cellularity in animals and the maintenance of tissue 
integrity can be attributed to the development of a variety of inter-cellular 
linkages. Based on tissue origin, epithelial cells often possess a combination 
of different junctions including Adherens Junctions (AJ), Tight Junctions, 
Desmosomes and Gap Junctions (Evans and Martin, 2002; van Roy and Berx, 
2008; Anderson and Van Itallie, 2009; Desai et al., 2009). In this study, we 
focus primarily on the AJ found in epithelial cells, description of which 
follows hereafter.  
 
Adherens junctions are the earliest to appear during embryonic development 
(Green et al., 2010), and are calcium-dependent cell-cell adhesion complexes 
built around cadherin receptors as the core adhesion molecule. While the AJ 
in its entirety is a complex structure (Zaidel-Bar, 2013; Guo et al., 2014), it 
can be broadly divided into three components: (i) Adhesion receptors that 
bind to their receptor partners on apposing cells, (ii) an intracellular 
actomyosin cytoskeleton that anchors the receptors, and generates contractile 
force, and (iii) Adaptor proteins that link the adhesion receptors to the 
cytoskeleton. Further, regulation of all these components is facilitated through 
the activity of regulatory modules comprised of RhoGTPases (Watanabe et 
al., 2009), kinases and phosphatases (McLachlan and Yap, 2007; Bertocchi et 
al., 2012; Padmanabhan et al., 2015).  
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E-cadherin (E-cad), the primary receptor at the epithelial AJ, is transcribed 
from the CDH1 gene (16q22.1), and the protein can be divided into five 
tandemly repeated extracellular cadherin domains (EC1-EC5), a trans-
membrane domain, and an intracellular cytoplasmic domain (Figure 1.1A) 
(van Roy and Berx, 2008). The cytoplasmic domain consists of a membrane 
proximal p120-catenin-binding juxta-membrane domain (Yap et al., 1998), 
followed by a β-catenin binding domain (Figure 1.1A) (Aberle et al., 1994). 
AJ formation occurs when cadherin receptors on apposing cells interact with 
each other through trans-interactions between their EC1 domains (Harrison et 
al., 2011). Formation of a “strand-swapped dimer” that is anchored by 
exchange of tryptophan residues between two EC1 domains allows for trans-
interactions between two E-cad receptors (Harrison et al., 2011). In addition, 
the EC1 domain of one cadherin receptor can interact in cis with the EC2 
domain of an adjacent cadherin receptor, resulting in the assembly of a 
molecular layer at the AJ (Harrison et al., 2011). On the intracellular surface, 
E-cad binds to several catenins, including β-catenin and α-catenin, which 
anchor E-cad to the cytoskeleton, directly or indirectly through numerous 
adaptor proteins (Figure 1.1B). The study of α-catenin in particular has 
received great attention after it was demonstrated with in vitro reconstituted 
proteins that α-catenin cannot interact with the E-cad-β-catenin complex and 
actin simultaneously (Drees et al., 2005; Yamada et al., 2005). These findings 
were puzzling because in vivo studies showed α-catenin is essential for 
linking E-cad to the actin cytoskeleton (Desai et al., 2013). The conundrum 
was resolved when it was found that the α-catenin-β-catenin complex could 
bind F-actin also in vitro when force is introduced to the system (Buckley et 
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al., 2014). More recent evidence also suggests a mechanosensory role for α-
catenin at the AJ, through its ability to bind proteins such as vinculin (le Duc 
et al., 2010; Yonemura et al., 2010), and EPLIN (Taguchi et al., 2011) 






Figure 1.1: Architecture of the Adherens Junction and linkage to the 
cytoskeleton   
 
(A) A model of the core cadherin-catenin complex that constitutes the AJ is 
shown here. EC: Extra-cellular domain1.  
(B) Structural components and adaptor proteins that link the adhesion 
receptors at the AJ with the actin cytoskeleton are shown here2.  
 
[1Figure 1.1A reproduced with permission from (Takeichi, 2014). 2Figure1.1B reproduced 







1.2 Actin polymerization is key for AJ assembly and maturation  
 
While establishment of the AJ requires homophilic binding interactions 
between cadherin receptors, connections to the cytoskeleton and generation of 
contractility are crucial to strengthen nascent adhesions, and allow for AJ 
assembly and turnover in numerous dynamic processes (Mege et al., 2006; 
Miyake et al., 2006; Hong et al., 2013). Cell-cell contact in epithelial cells is 
established by actin polymerization dependent processes, such as, the 
formation of lamellipodia (Adams et al., 1998; Yamada and Nelson, 2007) or 
by filopodial protrusions in primary keratinocytes (Vasioukhin et al., 2000) 
and in vivo in the Caenorhabditis elegans (Raich et al., 1999) and mouse 
(Fierro-Gonzalez et al., 2013) embryos.   
 
Actin polymerization within lamellipodial protrusions in epithelial cells 
enables cells to meet, leading to coalescence of highly diffuse and mobile E-
cad into immobile puncta and subsequently into larger cadherin plaques 
(Adams et al., 1998). The RhoGTPase, Rac1, and the actin nucleator, Ap2/3 
complex (discussed in greater detail in the following section), have been 
implicated in driving actin polymerization in lamellipodial protrusions 
(Yamada and Nelson, 2007). Expansion of cell-cell contacts is then dependent 
on a second wave of RhoGTPase activity (RhoA) that increases myosin-II-
dependent contractility flanking the contact zones (Yamada and Nelson, 
2007). Besides the Arp2/3 complex, the actin remodeling protein Ena/VASP 





Regulation of actin polymerization and stability of actin at the AJ is in turn, 
achieved through the action of RhoGTPases. For instance, actin nucleation 
and stabilization at the AJ appear to be dependent on Rac1 and Cdc42 that 
regulate Arp2/3-dependent actin polymerization through their signaling 
effectors (Otani et al., 2006; Kovacs et al., 2011; Verma et al., 2012). Further, 
members of another class of actin nucleators, the Formins (discussed in 
greater detail in the following sections), are also known to function 
downstream of RhoGTPase activation.  
 
While the large number of players involved makes actin regulation at the AJ a 
seemingly complex process (as illustrated in Figure 1.2), literary evidence so 
far suggests general principles for the interplay between actin and cadherin at 
the AJ: (i) actin polymerization based cell protrusions facilitate cell-cell 
contact, (ii) actin polymerization and reorganization is required for nascent 
adhesions to mature into a stable AJ, and (iii) actin networks associate with 
mature AJs to stabilize them and allow for AJ turnover. Further, as alluded to 
previously, cadherin ligation also stimulates actin polymerization through 
signaling effectors downstream of E-cad, thus establishing a feedback loop 
between cell-cell adhesion and actin dynamics (Figure 1.2); also reviewed in 











Figure 1.2: Actin dynamics regulation at the AJ  
 
Schematic illustration of a feedback loop between actin dynamics and cell-
cell adhesion. Interaction between adhesion receptors promotes downstream 
signaling (through RhoGTPases, actin NPFs, adaptor proteins) that in turn 
stimulates actin polymerization by actin nucleators. Further, as described in 
the text, actin polymerization provides the driving force for adhesion receptor 
ligation, thereby completing a feedback loop at the AJ.   
 
 
[Original figure prepared by myself, and reproduced with permission from (Padmanabhan et 












Other actin polymerization factors, namely the formin
mDia1 and Mena/VASP, have also been localized to the
AJ [56,57]. mDia1 may be recruited by the adaptor Abi1
[58], and Mena/VASP are likely recruited by LIM domain
proteins zyxin and LPP [59,60]. Interestingly, Mena/
VASP and Diaphanous formins (mDia2) were shown to
cooperate in the regulation of filopodial morphology, dy-
namics and function [61]. Not much else is known about
the interplay between the different actin polymerization
factors at AJ. It has been shown, however, that a-catenin
binding to F-actin inhibits the binding of Arp2/3 [62], and
thus may shift the balance toward elongation of linear
F-actin filaments by formins and Mena/VASP [63!!,64!!].
Another layer of regulation on actin dynamics is afforded
by a GTPase regulation module. Actin nucleation-
promoting factors are usually autoinhibited, but can be
activated by the active forms of Rho GTPases [65–67].
Rho GTPases are ubiquitous in the cell, but their activa-
tion is tightly regulated by guanine nucleotide exchange
factors (GEFs). Two such factors, Tiam1 [68,69] and Ect2
[70!!] have been shown to be localized at AJ and others,
such as ARHGEF12 and ARHGEF16 have been identi-
fied in cadhesome proteomics [5]. Thus, actin dynamics
regulate AJ and AJ regulate actin dynamics in a circular
positive feedback loop, as illustrated in Figure 3.
Contractile force generation
Mature AJ in epithelial cells are often associated with a
belt-like structure made of bundles of F-actin and myosin
running parallel to the AJ and encircling the apical
domain of the cell. Myosin dependent contractility along
this actomyosin belt generates tensile forces that, acting
like a corset, determine the shape of the cell and resists
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Current Opinion in Cell Biology
Actin dynamics regulation module consists of a feedback loop between cell adhesion and actin dynamics. Engagement of adhesion receptors
triggers downstream signaling that in turn promotes actin polymerization by actin nucleators. As discussed in the text, actin polymerization in
filopodia and lamellipodia promotes adhesion receptor ligation thus completing the feedback loop. Activation and recruitment of nucleators is
regulated by the action of RhoGEFs, RhoGTPases, phospholipids, and nucleation-promoting factors. In addition, actin nucleators may also be
recruited to sites of adhesion via binding to adaptor proteins. Capping proteins bind to the barbed end of actin filaments and prevent filament
growth, while severing proteins promote actin filament severing and disassembly. The general overview of actin dynamics regulation presented
here holds true for both cadherin and integrin adhesions (for details of the participating proteins see [4,5]).
www.sciencedirect.com Current Opinion in Cell Biology 2015, 36:32–40
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1.3 Organization and polymerization of actin at the AJ 
 
At the ultra-structural level, E-cad and F-actin are organized as a tightly 
packed belt called the “Zonula Adherens (ZA)” at the apical side of epithelial 
cells, and amorphous networks below the ZA called “Lateral Junctions (LJ)”, 
present along the lateral membranes. Further, electron microscopy has 
revealed the presence of two distinct pools of F-actin at the ZA – the 
commonly observed F-actin bundles running parallel to the membrane 
(responsible for contractile force generation), and structurally unresolved F-
actin filaments closely associated with E-cad at the membrane that possibly 
stabilize adhesion complexes (Zhang et al., 2005; Yonemura, 2011). More 
recent evidence using 3D-Stochastic Optical Reconstruction Microscopy 
(STORM) revealed the presence of qualitatively and quantitatively similar E-
cad clusters at both the ZA and LJ, except for increased inter-cluster distance 
at the LJ (Wu et al., 2015). In addition, F-actin at the nano-scale was found to 
‘fence’ and de-limit E-cad clusters, while bundles of F-actin could also be 
resolved at the apical ZA (Wu et al., 2015).  
 
Despite the crucial role played by the actin cytoskeleton, spontaneous 
initiation of actin assembly at the AJ or elsewhere in a cell is a kinetically 
unfavorable process. To overcome this hurdle, cells use ‘actin nucleators’ and 
elongation factors to facilitate actin nucleation and polymerization, which 
include the Actin-related protein 2/3 (Arp2/3) complex, and members of the 
formin family (Goley and Welch, 2006; Chesarone et al., 2010). While 
several other actin nucleators have come to light recently as discussed in 
(Quinlan et al., 2005; Qualmann and Kessels, 2009; Firat-Karalar and Welch, 
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2011), in the following sections we focus on the two major groups of cellular 
actin nucleators - the Arp2/3 complex and formins - and their functions at the 
AJ.   
      
 
 
1.3.1 Arp2/3-dependent actin polymerization and its function at the AJ 
 
The Arp2/3 complex is a highly conserved actin nucleator comprised of seven 
polypeptides, including Arp2, Arp3 and ArpC1-5 subunits (Figure 1.3). 
Studies using purified proteins have revealed the Arp2/3 complex binds to the 
side of an existing actin filament where it initiates assembly of a new filament 
(Goley and Welch, 2006) (Figure 1.3). This results in the polymerization of a 
branched actin network such as that found in the lamellipodium, where 








Figure 1.3: Branched actin polymerization by the Arp2/3 complex 
Electron micrograph and electron tomography based structural models 
illustrating a Y-shaped branched actin filament polymerized by the Arp2/3 
complex.  
 
[Reproduced with permission from (Campellone and Welch, 2010). Refer Appendix 6.2.] 
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A domain commonly found  
in ARP2/3 activators that 
contains binding sites for  




A finger-like cellular extension 
composed of unbranched actin 
filaments that elongate to drive 
membrane protrusion.
Membrane ruffle
A dynamic cell surface 
protrusion containing a 
network of newly assembled 
actin filaments. It can appear 
as a dorsal circular wave or in 
peripheral cellular extensions.
SCAR homology domain
A regulatory element found in 
WAVE NPFs that bind multiple 
components of the WAVE 
complex.
In contrast to WASPs, WAVEs are fully active and 
not autoinhibited when purified as recombinant pro-
teins. They lack a GBD, and their N-terminal SCAR 
homology domains (SHDs) and PRDs are distinct from 
the regulatory portions of N-WASP (FIG.3a). The SHD 
associates with a complex consisting of BRICK1 (also 
known as HSPC300), ABI1, NCK-associated protein 1 
(NAP1) and specifically Rac-associated 1 (SRA1; also 
known as CYFIP1)41–44. In the ubiquitous WAVE com-
plex, BRICK1 and ABI1 bind to WAVE2, and NAP1 
interacts with ABI1 and SRA1 (REF. 42) (FIG.3b). Unlike 
WAVE1 or WAVE2 by themselves, the activities of the 
reconstituted complexes are suppressed43,44. Removal 
of an individual subunit disrupts the stability and/or 
localization of the others, highlighting the fact that the 
complex behaves as a unit45,46.
Similar to N-WASP, the WAVE2 PRD can bind to SH3 
domain-containing proteins, such as insulin receptor 
substrate protein of 53 kDa (IRSp53; also known as 
BAIAP2)47. WAVE2 also contains a basic peptide that 
binds the phospholipid PtdIns(3,4,5)P3 (REFS 47,48) 
and is Tyr phosphorylated to modulate its activity49. 
However, in contrast to N-WASP, most signalling 
to WAVE2 occurs through interactions with the com-
plex, rather than direct binding to WAVE2. RAC1, 
the best characterized WAVE activator, binds to 
SRA1 (REFS 43,45), although it might also act through 
IRSp53 (REFS 47,50). Moreover, NCK adaptor proteins 
can activate the WAVE complex, probably by inter acting 
with NAP1 (REF. 41). Importantly, the cellular source of 
the WAVE complex and the manner in which it is puri-
fied can greatly influence its response to stimuli51. RAC1 
and NCK proteins were initially shown to dissociate 
the complex41, but more recent reports indicate that it 
remains intact after activation45,46. In addition, physio-
logical stimulation of the WAVE complex probably 
requires cooperativity among RAC1, PtdIns(3,4,5)P3 
and protein kinases51. A better understanding of how 
Figure 2 | The structure of ARP2/3 in Y-branches and a model for nucleation and branching. a | The morphology 
of a Y-branched actin filament and the actin-related protein 2/3 (ARP2/3) complex is shown in an electron micrograph 
and in structural models based on electron tomography. The ARP2/3 complex consists of ARP2 and ARP3 plus the 
additional subunits ARPC1–ARPC5. In this model, all seven subunits participate in binding to the existing filament and 
ARP2 and ARP3 act as the first two subunits of the nascent filament. b | ARP2/3 is recruited by the WCA domains of 
class I nucleation-promoting factors (NPFs) in proximity to cellular membranes (1). The collective activities of WASP 
homology 2 (WH2; W), connector (C) and acidic (A) segments serve the basic purpose of bringing ARP2/3 together  
with the first actin subunit in the new filament to generate a branch (2). ARP2/3 branch points can be stabilized by 
filamentous actin (F-actin)-binding class II NPFs, such as cortactin (3). Coronin family proteins interact with ARP2/3 and 
F-actin to prevent cofilin-mediated disassembly of newly formed filaments (4, top). Coronin can also replace ARP2/3  
and synergize with cofilin to trigger debranching and disassembly of older ADP–actin filaments (4, middle). Disassembly 
of older branches can also occur spontaneously, following phosphate release from ARP2 and actin (4, bottom).  
β-P, β-propellor; CC, coiled coil; G-actin, globular actin; R, repeat. Structural models in part a modified, with permission, 
from REF.13 ¡ (2008) Rockefeller University Press.
REVIEWS
240 | APRIL 2010 | VOLUME 11  www.nature.com/reviews/molcellbio
© 20  Macmillan Publishers Limited. All rights reserved10
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Evidence from in vitro studies has shown an interaction between E-cad and 
the Arp2/3 complex, and recruitment of the Arp2/3 complex to beads coated 
with recombinant cadherin ectodomain, thus indicating a role for Arp2/3 
complex in AJ establishment (Kovacs et al., 2002; Verma et al., 2004). 
Further, endothelial AJs are associated with intermittently-formed Arp2/3-
driven lamellipodia that enable adjacent plasma membranes to seal, form new 
VE-cadherin adhesions and maintain junction integrity (Abu Taha et al., 
2014).    
  
Owing to its poor intrinsic nucleation ability, upstream regulation of the 
Arp2/3 complex at the AJ is achieved by nucleation-promoting factors (NPFs) 
such as WASP (Wiskott-Aldrich Syndrome Protein), WAVE (WASP-family 
verprolin-homologous protein) and cortactin (Harris and Tepass, 2010). In 
epithelial cells, WAVE2 associates with E-cadherin and localizes to the AJ in 
a Rac-dependent manner where it serves to locally activate Arp2/3 activity 
(Verma et al., 2012). In endothelial cell, on the other hand, N-WASP (neural-
WASP) localizes to AJs via an interaction with p120-catenin, thus promoting 
Arp2/3-dependent actin polymerization at the AJ (Rajput et al., 2013). In 
epithelial cells, however, N-WASP contributes to actin regulation at AJs via a 
mechanism independent of Arp2/3-complex activation. Specifically, N-
WASP in association with WIRE (a WIP-family protein), serves to stabilize 
actin filaments at a post-nucleation stage to support AJ integrity (Kovacs et 
al., 2011).	 Cortactin localizes at the AJ through N-WASP, and serves to 
integrate actin assembly at the AJ by recruiting WAVE2 and Arp2/3 (Han et 
al., 2014).    
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1.3.2 Actin polymerization by formins 
 
A second major class of cellular actin nucleators is composed of members of 
the formin family. Formins are large (120-200kDa), multi-domain proteins, 
characterized by the presence of highly conserved Formin Homology (FH) 
domains, FH1 and FH2. In vitro and in vivo, the FH2 domain serves as the 
primary catalytic domain that triggers actin nucleation (Pruyne et al., 2002; 
Sagot et al., 2002). While the FH2 domain is capable of nucleating actin 
filaments in vitro from actin monomers, the precise mechanism for nucleation 
has remained elusive (Sagot et al., 2002; Pring et al., 2003). Modeling studies 
suggest that the FH2 domain binds to and stabilizes spontaneously formed 
actin dimers or trimers (Pring et al., 2003). Further, homodimers of FH2 
domains bind as processive caps to the barbed end of actin filaments, thus 
preventing other capping proteins from terminating elongation (Figure 1.4) 
(Copeland et al., 2004; Harris et al., 2004; Moseley et al., 2004). The FH1 
domain is a proline-rich domain that interacts with profilin, an actin monomer 
binding protein, and accelerates actin filament elongation by increasing local 
G-actin concentration for use by the FH2 domain (Figure 1.4) (Romero et al., 











Figure 1.4: Model for actin polymerization by formins 
 
(1) Association of the FH2 domain with the barbed end of an actin filament, 
and recruitment of profilin-actin by the FH1 domain.  
(2) Delivery of profilin-actin to the barbed end, followed by the FH2 domain 
stepping towards the barbed end.  
(3) & (4) The second FH2 domain repeats the above steps.  
 




Mammalian formins are of 15 distinct types (Table 1.1) that are classified 
into 7 subfamilies (Figure 1.5). The Diaphanous-Related Formins (DRFs), 
which are the focus of our study, comprise 4 subfamilies (Dia, Daam, Fhod 
and Fmnl/Frl), members of which are frequently characterized by an intra-
molecular auto-inhibition (Figure 1.5A). The N-terminus of these formins 
consists of a RhoGTPase-binding domain (RBD or GBD), followed by a 
Diaphanous inhibitory domain (DID), while at the C-terminus is present a 
Diaphanous auto-regulatory domain (DAD) (Figure 1.5A-B). Interaction 
between the DID and DAD results in auto-inhibition and prevents actin 
assembly by the FH1-FH2 domains. In some cases, binding of RhoGTPases 
to the GBD relieves auto-inhibition and activates the formin (Chesarone et al., 
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c  Formin-mediated actin polymerization
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Formin homology (FH) 
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A domain found in formin 
proteins. Examples include the 
conserved dimeric F 2 domain 
that nucleates actin and the 
Pro-rich FH1 domain that 
associates with the actin- 
binding protein profilin and 
SH3 and WW domains.
Cortactin and coronin. In addition to WCA domain-
containing NPFs, many animals possess a second type 
of ARP2/3 activator, termed class II activators62. In mam-
mals, this category includes cortactin and its haemato-
poetic relative haematopoetic-specific protein 1 (HS1) 
(FIG.3a). These proteins have ARP2/3-binding acidic 
peptides at their N termini, but lack WH2 domains 
for binding G-actin. Instead, they harbour repeti-
tive sequences that interact with F-actin. They also 
contain PRDs with regulatory phosphorylation sites, 
and C-terminal SH3 domains that interact with many 
proteins including N-WASP and WIP. Compared to 
class I NPFs, class II NPFs are considered to be weak 
ARP2/3 activators. Nevertheless, cortactin can enhance 
N-WASP-mediated activation of ARP2/3 (REFS 63–65). 
Cortactin also inhibits spontaneous dissociation of 
ARP2/3-bound filament branch junctions in vitro, 
thereby stabilizing Y-branc es62 (FIG.2b).
The ability of cortactin to act as an NPF, cooperate 
with N-WASP and stabilize ARP2/3-bound branches 
makes it an important participant in many cellular 
processes. Dominant-negative and RNA interference 
studies have revealed a role for cortactin in membrane 
fission during endocytosis and trans-Golgi export66–68, 
and in supporting cadherin adhesive zone formation and 
cell–cell contacts69. Similar manipulations of cortactin 
function also alter membrane dynamics and affect 
lamelli podial protrusion or persistence, resulting in 
impaired cell migration64,70–72. Deficiencies in membrane 
ruffling and motility have been recapitulated recently in 
cortactin-knockout cells73, confirming that cortactin is a 
major regulator of cortical F-actin architecture.
Our understanding of how cells control the organization 
and turnover of lamellipodial actin networks has grown 
recently with the characterization of human coronin 1B. 
This protein is a member of the ubiquitous coronin 
family and is the only known direct inhibitor of ARP2/3 
in vitro74,75. Coronin also binds F-actin and protects 
newly formed ATP–actin filaments from the severing 
protein cofilin, but can synergize with cofilin and actin-
interacting protein 1 (AIP1; also known as WDR1) to 
promote severing or catastrophic bursts of disassembly of 
older ADP–actin filaments in vitro76–78 (FIG.2b). These dis-
assembly processes may be coordinated with the ability 
of cofilin to dissociate ARP2/3 Y-branches79. In cells, 
the ability of coronin to inhibit ARP2/3-mediated actin 
nucleation, directly displace ARP2/3 from Y-branches 
just behind the leading edge and interact with phos-
phatases that activate cofilin promotes the recycling of 
actin and ARP2/3 to allow efficient lamellipodial protru-
sion75,80. This is one example of the highly orchestrated 
balance of nucleation, branching and turnover that leads 
to the formation of dendritic actin networks following 
ARP2/3 activation.
Formins: nucleation and elongation
Unlike ARP2/3, all other known actin nucleators produce 
unbranched filaments. The best-characterized of these 
are the formins, which are present in virtually all eukary-
otes (for an in-depth review of formins, see REF.2). Their 
defining feature is the presence of the conserved formin 
homology (FH) domains, FH1 and FH2 (FIG.4a–c). Much of 
what we know about formin structure and biochemical 
activity originated from studies of the yeast formins, 
however, nucleation activity has since been observed for 
many of the ~ 15 mammalian formins. These proteins fall 
into seven different subclasses based on FH2 sequence 
divergence: Diaphanous (DIA), formin-related proteins 
in leukocytes (FRLs), Dishevelled-associated activa-
tors of morphogenesis (DAAMs), formin homology 
domain proteins (FHODs), formins (FMNs), delphilin 
and inverted formins (INFs)81.
Biochemical properties, structure and activation. 
FH2 domains are sufficient to trigger nucleation of puri-
fied actin2. In contrast to ARP2/3, which caps pointed 
ends, FH2 domains bind to barbed ends and act as proces-
sive caps on elongating filaments (FIG.4c). As a result, 
they prevent other capping proteins from terminating 
elongation82–84 and compete with displacement factors 
t the barbed end to determine filament length85. FH2 
domains are active as homodimers82,83,86,87, and mutations 
that disrupt dimerization abolish actin polymerization 
activity83,88,89. Crystal structures of the yeast Bni1 FH2 
domain89 and the mammalian formin FH2 domains90,91 
Figure 4 | FH2 domain structure and an elongation model of formin-mediated 
actin polymerization. a | A ribbon diagram of the dimeric formin homology 2 (FH2) 
domain from Saccharomyces cerevisiae Bni1. A ‘lasso’ extends from the knob of one 
monomer and wraps around the ‘post’ of the other monomer to stabilize this dimeric 
configuration. b | The Bni1 FH2 domain wrapped around a space-filling model of an actin 
dimer. c | A model of formin-mediated actin polymerization. An FH2 dimer associates 
with the barbed end of an actin filament, while the FH1 domains recruit profilin–actin (1). 
The FH1 domain delivers profilin–actin to the barbed end, and this is either preceded  
by92 or follows93 the FH2 domain stepping towards the barbed end (2). The second FH2 
repeats this process (3). The formin closed conformation prevents capping by other 
fa tors (4). F-actin, filament us actin; G-acti , globular actin. Image in part a is modified, 
with permission, from REF. 89 ¡ (2004) Elsevier. Image in part b is modified, with 
permission, from Nature REF. 92 ¡ (2005) Macmillan Publishers Ltd. All rights reserved.
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2010; Kuhn and Geyer, 2014), while other formins are activated by 
phosphorylation (Takeya et al., 2008).   
 
Besides functioning as an actin nucleator and elongation promoting factor, 
some formins also bundle actin filaments, sever actin filaments or 
depolymerize F-actin (Harris et al., 2004; Chhabra and Higgs, 2006; Esue et 
al., 2008; Schonichen et al., 2013). Actin filaments polymerized by formins 
are found in lamellipodial and filopodial protrusions, stress fibers, cytokinetic 
rings, phagocytic cups, and at cell-cell junctions, as reviewed in (Chesarone et 
al., 2010). In addition, formins also influence microtubule dynamics and 
stabilization, independent of their actin polymerizing functions (Bartolini and 
Gundersen, 2010). Furthermore, diverse expression profiles of formins in a 
wide variety of tissues (Krainer et al., 2013), suggests multiple cellular 











Figure 1.5: Domain organization and regulation of formins 
 
(A) Crystal structure, schematic and binding partners of various domains in a 
formin.  
(B) Illustration of the 7 subfamilies of formins and their domain organization. 
RBD/GBD- RhoGTPase/GTPase binding domain; DID- Diaphanous 
inhibitory domain; DD- Dimerization domain; CC- Coiled coil; DAD- 
Diaphanous autoregulatory domain; FH1, FH2- Formin Homology 1, 2; FSI- 
Formin-Spire interaction domain; W- WASP homology 2 domain 
 
[Figure 1.5A reproduced with permission from (Chesarone et al., 2010), 1.5B reproduced 





Table 1.1: Mouse DRFs and Non-DRFs 	
Formin Full name Gene symbol NCBI 
Gene ID 
 
Diaphanous-Related Formins (DRFs) 
mDia1/Diaph1 Diaphanous related formin 1 Diaph1/Diap1 13367 
mDia2/Diaph3 Diaphanous related formin 3 Diaph3/Diap3 56419 
mDia3/Diaph2 Diaphanous related formin 2 Diaph2/Diap2 54004 
Daam1 Dishevelled associated activator 
of morphogenesis 1 
Daam1 208846 
Daam2 Dishevelled associated activator 
of morphogenesis 2 
Daam2 76441 
Fhod1/Fhos1 Formin Homology 2 Domain 
Containing 1 
Fhod1 234686 
Fhod3 Formin Homology 2 Domain 
Containing 3 
Fhod3 225288 
Fmnl1  Formin-like 1 Fmnl1 57778 
Fmnl2 Formin-like 2 Fmnl2 71409 
Fmnl3 Formin-like 3 Fmnl3 22379 
 
Non-DRFs 
Delphilin Delphilin/Glutamate receptor, 
ionotropic, delta 2 (Grid2) 
interacting protein 1 
Grid2ip 170935 
Inf1 Inverted formin 1 Inf1 - 
Inf2 Inverted formin 2 Inf2 70435 
Fmn1 Formin 1 Fmn1 14260 












1.3.2.1 Role of formins at the AJ 
Historically, the Arp2/3 complex and its NPFs have been the focus of 
investigation with regards to actin polymerization at the AJ. However, in 
recent times, several studies have uncovered roles for formins at the AJ. 
Diaphanous-related formin 1 (mDia1) has been the most widely studied 
formin for its role in strengthening E-cad-based cell-cell adhesions in cultured 
mammalian cells (Carramusa et al., 2007; Ryu et al., 2009). Besides playing a 
role in augmenting the AJ, Dia also plays a role in junctional E-cad turnover 
by regulating endocytosis (Levayer et al., 2011). Dia and myosin-II have been 
shown to regulate lateral clustering of E-cad and initiation of endocytosis at 
cell-cell contacts in Drosophila embryos, downstream of RhoGEF2 (Levayer 
et al., 2011). Further, dia mutants in Drosophila exhibit profound defects 
during germband retraction as a result of destabilized AJs and increased 
protrusive activity of migrating amnioserosal cells (Homem and Peifer, 2008).  
 
More recently, another member of the DRF family, Formin-like 2 (FMNL2), 
was localized to the AJ in 3D cultures of MCF10A where it regulates actin 
turnover and the formation of an epithelial lumen (Grikscheit et al., 2015). 
FMNL2 was found to associate with E-cad and α-catenin, and localized to the 
AJ in a Rac1-dependent manner (Grikscheit et al., 2015). Another closely 
related formin, FMNL3, was shown to localize to endocytic punctae in close 
proximity to N-cadherin-based cell-cell contacts (Gauvin et al., 2015). In 
addition, FMNL3 was also enriched in filopodia that presumably contributed 
to establishment of cell-cell adhesions (Gauvin et al., 2015). Further, 
FMNL3-comtaining filopodia were also observed in endothelial cells during 
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angiogenesis in zebrafish, with depletion of FMNL3 resulting in failure of 
blood vessel lumenization (Hetheridge et al., 2012; Phng et al., 2015). While 
the study of formins at the AJ has received greater attention lately, detailed 
characterization of the molecular mechanisms underlying the effect of 























Table 1.2: Summary of literary evidence for roles of formins at cell-cell 
junctions 	
Formin Function Cell type/Model 
Organism 
Reference 
mDia1 Localizes and 
reinforces cell-cell 







Dia1 Dia localizes at the AJ 
with Abi, a core 








Required for integrity 






Dia Stabilizes AJ and 
inhibits cell 
protrusiveness 





Dia Dia and Myosin-II 
regulate initiation of E-






(Levayer et al., 
2011) 
FMNL2 Supports actin turnover 
at the AJ and lumen 
development 
downstream of Rac1 
Human mammary 









development in vivo 
Zebrafish 
angiogenesis 
(Phng et al., 
2015) 
FMNL3 Enriched in filopodia 

















1.4 Intercellular adhesion and collective cell migration  
Maintenance of cell-cell junction integrity is essential not just during 
homeostasis, but also to facilitate tissue rearrangement during embryo 
morphogenesis, wound repair and tissue regeneration (Friedl and Gilmour, 
2009; Shaw and Martin, 2009; Scarpa and Mayor, 2016). All these processes 
are characterized by the coordinated movements of a collective of cells, and 
are referred to as collective cell migration. In this regard, the AJ plays a 
crucial role in maintaining cell-cell cohesion and mechanical integrity, and is 
also a site for cell-cell signaling and regulation of front-back cell polarity 
(Ilina and Friedl, 2009).  
 
For a long time, collective cell migration was thought to be largely driven by 
the formation of ‘leader’ cells and a multicellular finger-like projection at the 
front end of the migrating cell sheet (Poujade et al., 2007). Further, at the 
sides of the finger was present an actin belt that likely coupled mechanical 
signaling between the leader cell and the followers (Poujade et al., 2007). 
However, more recent analysis of monolayer dynamics using traction force or 
monolayer stress microscopy has revealed propagation of forces deep into the 
monolayer behind the leading edge (Tambe et al., 2011). Treatment of 
migrating monolayers with EGTA (calcium chelator) prevents force 
transmission across the cell sheet due to weakening of cadherin-based cell-
cell junctions, resulting in uncoordinated migration (Tambe et al., 2011). 
More recently, P-cadherin was demonstrated to increase intercellular 
mechanical forces and promote collective migration (Bazellieres et al., 2015), 
through the recruitment of β-PIX (guanine nucleotide exchange factor) to the 
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AJ and activation of Cdc42 (Plutoni et al., 2016). Hence, these studies 
illustrate the requirement of cell-cell adhesion integrity in enabling directed 
migration in a cohort of cells. Despite the importance of AJs in supporting 
collective migration, our understanding of the mechanisms controlling 
adhesion and actin polymerization at cell-cell junctions during migration is 
still preliminary. Furthermore, while several studies are increasingly 
exploring roles for formin-dependent actin polymerization at the AJ, it has 
largely been in the context of stationary monolayers.       
 
1.5 Thesis Outline 
In this study, we used siRNA-mediated knockdown and live-cell imaging 
approaches to elucidate the role of formins at cell-cell junctions in cultured 
mammalian epithelial cells. In particular, we focused on identifying and 
characterizing formins responsible for junctional actin turnover, stabilizing E-
cad at the AJ and reinforcing cell-cell junction strength. Further, we extended 
our assessment of formin function to cell-cell junctions under stress in a 
collective cell migration model. In addition, we also explored upstream 
regulators of formin activity at the AJ.  
 
Following this introduction, experimental procedures are outlined in Chapter 
2. Major findings of this study are presented in Chapter 3, followed by 
discussion and concluding remarks in Chapter 4.  	
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2. MATERIALS & METHODS 
 
2.1  Cell culture  
 Cell lines used in this study and the appropriate culture media are listed in 
Table 2.1. All cell lines were maintained at 37°C in 5% CO2 atmosphere 
during routine passages and sample preparation steps.  
 
Table 2.1: Cell lines used in this study 
 
 





1. EpH4 Mouse Mammary 
Epithelium 
Dulbecco’s Modified Eagle 
Medium (DMEM; Invitrogen)  
+10% Fetal Bovine Serum 
(FBS; Invitrogen)  
+1% Penicillin-streptomycin 
(P/S; Invitrogen) 
2. EpH4  
E-cadherin-





+10% FBS  
+1% P/S 
3. MCF10A Human Mammary 
Epithelium 
DMEM/F12 (Invitrogen)  
+5% Horse Serum (Invitrogen)  
+20ng/ml Epidermal Growth 
Factor (Peprotech)  




+10µg/ml Insulin (Sigma)  
+1% P/S 
4. IOSE-523 Human Ovarian Surface 
Epithelium 





















+10% FBS  
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2.2  Chemical Inhibitors   
 
Drug treatments were performed on overnight cultures of confluent EpH4 
monolayers as per the conditions outlined in Table 2.2, followed by fixation 
with pre-warmed 4% paraformaldehyde (PFA), and processed for 
immunofluorescence staining thereafter.  
 
 
Table 2.2: Chemical inhibitors used in this study  
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2.3 Plasmids  
 
Plasmids encoding full-length Fmnl3 and Fmnl3-I111D (both GFP-tagged) 
were a gift from Dr. Shigetomo Fukuhara (National Cerebral and 
Cardiovascular Center Research Institute, Osaka, Japan) (Wakayama et al., 
2015). Activation of endogenous mDia1 activity was achieved by expression 
of the Diaphanous Auto-regulatory domain (DAD) from mDia1 (AA 1177-
1222) fused to an mVenus fluorescent tag (mVenus-DAD). Plasmids for 
expression of constitutive active mutants of RhoA (V14), Cdc42 (L61) were 
provided by Dr. Alexander Bershadsky (Mechanobiology Institute, 
Singapore), while active Rac1 (L61) was obtained from the Lemichez group 
(C3M University of Nice Sophia Antipolis, France).  The following constructs 
were obtained from The Michael Davidson Collection (Florida State 
University, USA): GFP-c-Src (Full-length chicken c-Src cloned into the 
EGFP-N1 vector) and tdTomato-Actin (Full-length human beta-actin cloned 




2.4 Transfection – Plasmids and Small Interfering RNA (siRNA) 
 
For plasmid transfections, EpH4 monolayers were cultured overnight to 70-
80% confluence, followed by transfection with 0.75-1µg purified plasmid of 
choice using Lipofectamine 2000 (Invitrogen).   
 
Knockdown of gene expression was performed by introducing mouse or 
human gene-specific ON-TARGET Plus siRNA oligonucleotides or a non-
targeting control siRNA (GE Dharmacon) using Lipofectamine 2000 
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(Invitrogen). All siRNAs (listed in Table 2.3) were used at a final 
concentration of 50nM. Cells were fixed and processed for 
immunofluorescence labeling or live-cell imaging 26-28hr or 36hr post-
transfection for EpH4 or MCF10A, respectively. Duplicate samples were 
prepared for collection of cell lysates and analysis of gene knockdown 
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Table 2.3: List of siRNA oligonucleotides used for gene knockdown  
 
 
S.No Gene Symbol Species Gene ID Gene Accession Sequence 
















































































13. Neg siRNA Mouse/ 
Human 
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2.5 RNA extraction and semi-quantitative PCR  
 
RNA extraction was performed using Trizol Reagent (Ambion), as per 
manufacturer’s instructions, from confluent epithelial monolayers cultured 
overnight on 35mm dishes. Purified RNA (1µg) was then used as template for 
oligo-dT-primed reverse transcription and cDNA synthesis using the reagents 
available in the SuperScript® III First-strand synthesis kit (Invitrogen). Equal 
volumes of cDNA were subsequently used to amplify genes of interest using 
gene-specific PCR primer sets (listed in Table 2.4) for quantification of 
endogenous expression levels or knockdown levels post-siRNA transfection. 
PCR products were analyzed and imaged on agarose gels using the 
ChemidocMP imaging system (Biorad). Quantitative analysis of expression 
levels was then performed using the ‘Gel Analyzer’ plug-in built into 
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Gene Species Forward Primer (5’-3’) Reverse Primer (5’-3’) 
1. Diap1 Mouse GGCCTAAATGGTCAAGGAGATAG CAGAGGTGACAGCAGTGAAA 
 












5. Fhod1 Mouse TCTCCCTTCCTGTCATCTCTATC CCTTGGCTCTGGACTCAAATAG 
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2.6 Dispase-based dissociation assay  
 
For this assay, epithelial cells were plated until 90-95% confluent on 60mm 
dishes. Cells were washed twice with PBS, and treated with 2ml Dispase 
solution (2.4U/ml; Gibco) at 37°C for 40-45min. Subsequently, all cells 
(either single or clumps) released from each sample were collected and 
washed twice with PBS. Cell pellets were collected by centrifugation, re-
suspended in 500µl PBS and subject to mechanical disruption by vortexing. 
The number of single cells released into suspension after vortexing were 
counted using a Countess® automated cell counter (Invitrogen). Next, all 
samples were treated with TrypLE Express (Gibco, Life Technologies) for 3-
4min at 37°C to dissociate cell clumps and release all cells into suspension. 
Cell counts were quantified post-trypsinization and used for assay 
normalization. As a control for low adhesion strength monolayer, EGTA 
treatment was performed (4mM for 2hr) on confluent monolayers prior to 




2.7 Fibronectin patterning 
 
Cell confinement experiments were performed by plating cells on circular 
fibronectin patterns, following the protocol outlined in (Doxzen et al., 2013). 
For preparation of circular patterns, a silanized wafer was used as template to 
generate PDMS stamps with circular features of 100µm. A mixture of 
fibronectin and Cy5-conjugated fibronectin (Sigma Aldrich) was then placed 
on the PDMS stamps and incubated at 37°C for 1hr. Next, the stamps were 
washed three times with PBS, air-dried and then gently pressed against a 
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glass-bottom dish (Ibidi 81151) to imprint circular patterns on to the dish. 
Areas outside the circular patterns were rendered passive to cell adhesion by 
treatment with 0.2% Pluronic acid (Sigma) for 1hr, followed by 2-3 washes 




2.8 In vitro scratch assay  
 
To assess collective migration using an in vitro scratch assay, epithelial cells 
were cultured post-siRNA transfection on 35mm glass-bottom dishes at 37°C 
for 26-28hr (EpH4) or up to 36hr (MCF10A). Then, a p10 pipette tip was 
used to generate a “scratch” in the monolayer.  The dishes were then 
processed for live-cell image acquisition by washing thrice with sterile PBS to 
remove cell debris, followed by addition of imaging medium. Image 
acquisition for cell migration and gap closure was then performed as outlined 
below, with images captured at 15min intervals for up to 12-13hr for EpH4 or 





2.9 Immunofluorescence staining 
 
For all immunofluorescence experiments, samples were prepared by seeding 
cells on glass coverslips or glass-bottom dishes at a density of 2-4x105 
cells/ml in 2ml of growth medium. Based on the experiment, transfection with 
necessary plasmids was performed using Lipofectamine 2000. Following 
overnight incubation for 20-22hr, cells were fixed using warm 4% PFA for 
20min and permeabilized with 0.2% Triton X-100 for 3min at room 
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temperature (RT). Samples were then processed for immunolabeling by 
incubating with 1% bovine serum albumin (BSA) for 1hr/RT, followed by 
primary antibody diluted in 1% BSA for 1hr at RT, and lastly, incubation with 
secondary antibody, phalloidin and/or DAPI for 30min at RT in dark 
conditions. Samples were then coated with FluorSave mounting media 
(Merck Millipore) for preservation of fluorescence labeling and to facilitate 
short-term storage (2-4 weeks). Antibodies and phalloidin conjugates used in 










1. E-Cadherin Sigma Aldrich U3254 1:1600 
2. E-Cadherin BD Biosciences 610181 1:100 
3. Fmnl3 Santa Cruz Biotechnology sc-66770 1:100 
4. mDia1 BD Biosciences 610848 1:100 
5. Alpha-catenin Sigma Aldrich C2081 1:1000 
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2.10 Microscopy  
2.10.1 Image acquisition: Fixed samples and Live-cell imaging 
Image acquisition was performed on a Spinning Disk confocal microscope 
(Model CSU-X1 Yokogawa Corporation; Model Ti, Nikon), equipped with a 
laser launch unit (iLas2, Roper Scientific), CCD camera (Evolve Rapid-Cal, 
Photometrics), Perfect Focus System (Nikon) for control of z-axis movement, 
and MetaMorph software (Molecular Devices) for image acquisition. All 
fixed samples were imaged using a 60X/1.40NA Plan-Apo objective (Nikon), 
while phase contrast imaging for the in vitro scratch assay was performed 
using a lower magnification 20X/0.75NA Plan-Apo objective (Nikon). For all 
live imaging experiments, the microscope chamber was set to 37°C, and 
imaging was performed in DMEM lacking phenol red, supplemented with 




2.10.2 Fluorescence Recovery After Photo-bleaching (FRAP) 
For photo-bleaching experiments (performed on the microscope setup 
described above), EpH4 cells with stable expression of E-Cadherin-GFP or 
transient expression of tdTomato-actin were used. In accordance with a 
typical FRAP set-up, images were acquired for the pre-bleach and post-bleach 
phases using the appropriate laser (GFP - 491nm laser, 20% laser power, 
100ms exposure time; tdTomato - 561nm laser, 15% laser power, 100ms 
exposure). To locally bleach an area along the cell-cell junction, a rectangular 
ROI (10 µm2) was exposed to a 405nm laser pulse set to 100% transmittance, 
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with an exposure time of 600ms (GFP) or 700ms (tdTomato). During the 
post-bleach (or recovery) phase, images were acquired at 1s intervals for 
5min, followed by 3s for 7min. Pre-bleach and post-bleach fluorescence 
intensity values were then extracted using a plug-in in MetaMorph, followed 
by exponential curve fitting in Prism 6 (GraphPad). Data obtained from the 
recovery curves were fit using the exponential function:   
Y=Y0+a*(1-exp (-b*x)) 
Next, the half-time of fluorescence recovery (t1/2) and immobile fractions (Fi) 
were computed from the exponential curve fit.  
t1/2 = ln2/b 
Fi =100*(1-a/(1-Y0)) 
All data were subjected to the Student’s t-test to assess statistical significance 




2.11 Image analysis  
 
2.11.1 MATLAB Algorithm 
In this study, quantification of fluorescence intensities at the junction and 
other cellular parameters were performed using a custom MATLAB 
algorithm, described in detail as follows.  
 
The MATLAB algorithm segments the image into junction region and cell 
region using a local thresholding method. Based on the segmentation results, 
the image was then analyzed on a per-cell basis such that the properties of 
each cell and its junctions were measured.  
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First, each image was background subtracted with a rolling ball (with radius 
of 50 pixels). Next, niblack thresholding (with k = -0.1 and window size = 55) 
was applied to generate a binary mask, where 1 represented the junction 
region and 0 represented the cell region. The binary mask was further 
processed by some morphological operations to get a final smooth mask. Each 
connected cell region (or cell segment) was then assigned with a different 
label and the junction region was labeled with 0 in the label map. In order to 
segment the junction region into meaningful junction segments, the branch 
points were identified, which are the connecting points of junction segments. 
This was done by applying a thinning operation on the binary mask to 
generate a skeleton of the junctions. From the skeleton, we obtained the 
branch points and these branch points were then connected to the cell 
segments nearest to them.  
 
For each cell segment, we obtained a set of boundary pixels that are located 
on the boundary of the cell segment. The boundary pixels were then divided 
into N sub-sets of boundary pixels if we had N junction segments, i.e., the 
boundary pixels for junction n is the sub-set of boundary pixels bounded by 
branch point n and branch point n+1. Assuming the sub-set of boundary 
pixels for junction n contained K boundary pixels, for each of these pixels, 
denoted as bk = {b1, b2, …, bK}, we defined a normal line, lk = {l1, l2, …, lK} 
that started from each pixel bk = {b1, b2, …, bK} and crossed over to another 
cell. These normal lines were perpendicular to junction n and with a fixed 
length of 50 pixels. Each normal line, lk when overlaid on the mask, gave us 
the normal line pixels that belonged to the junction region, denoted as pkj = 
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{pk1, pk2, …, pkJ}. The number of these pixels, J, gave us thickness, tk. The 
junction thickness was thus computed as the average of tk, for k = {1,  2, …, 
K}.  
 
Next, we calculated the intensity ikj = {ik1, ik2, …, ikJ} for {pk1, pk2, …, pkJ} by 
overlaying these pixels on the background subtracted image. With this, we 
could quantify the junction intensity as well as the intensity variations across 
the junction and the intensity variations along the junction. The computation 
of junction intensity was straightforward, i.e., by averaging the intensity of all 
the pixels that belonged to the junction segment. 
 
For analysis of junction length in time-lapse movies, the skeleton of the 
junction mask was partitioned into junction skeleton segments by using 
branch points as separation points. The length of each junction was estimated 
from the number of pixels of each junction skeleton segment scaled by the 
pixel size. For each time point, a junction length map was generated. The map 
was used for tracking length changes over time in Fiji. 
 
 
2.11.2 Statistics and Figure Preparation  
 
Data generated in this study were analyzed using Microsoft Excel and Prism 6 
(GraphPad). Prism 6 was used for preparation of all graphs and for 
performing statistical analyses (Student’s t-test for two datasets; One-way 
ANOVA for more than two datasets). All figures were prepared using Adobe 



































3.1 Formin-dependent actin polymerization is essential for AJ 
organization and dynamics 
 
 
3.1.1 Actin polymerization by formins is essential for AJ organization  
Polarized epithelial monolayers are characterized by the presence of distinct 
AJs that can be visualized by immunofluorescence labeling to detect E-
cadherin (E-cad) and F-actin. Both F-actin and E-cad are organized as a belt-
like structure at the apical-most portion of the membrane, termed the ‘Zonula 
Adherens’ (ZA), as well as sparsely distributed along the lateral membranes 
comprising the ‘Lateral Junctions’ or ‘Lateral Contacts’ (Figure 3.1A). 
Establishment of cadherin-actin interactions is crucial for both the stability as 
well as the re-organization of the AJ, as illustrated in several studies (Mege et 
al., 2006; Miyake et al., 2006; Hong et al., 2013). While several lines of 
evidence conclusively demonstrate a role for the Arp2/3 complex and its 
nucleation-promoting factors in supporting actin polymerization at the AJ 
(Verma et al., 2004; Kovacs et al., 2011; Verma et al., 2012), here, we chose 
to dissect a role for members of the formin family at the AJ. To this end we 
tested the effect of a pan-formin inhibitor SMIFH2 (Rizvi et al., 2009) on 
confluent EpH4 monolayers. As illustrated in Figure 3.1A, inhibiting formin 
activity in polarized monolayers resulted in reduced F-actin and E-cad 
fluorescence intensity at the AJ, increase in cell area due to flattening of cells, 
and a visible reduction of the lateral junctions. Reduction of F-actin and E-cad 
fluorescence intensity was further substantiated by quantitative analysis using 
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an in-house MATLAB algorithm, revealing 30% and 21% decrease in 
junctional F-actin and E-cad respectively (p<0.0001 and p<0.001 
respectively, Student’s t-test) (Figure 3.1B-C). SMIFH2-treatment also 
resulted in significant increase in cell-spread area, with cells in treated 
monolayers exhibiting areas >1200µm2, in comparison to control cells that 











































FIGURE 3.1: Actin polymerization by formins is essential for AJ 
organization 
 
(A) Representative images for F-actin and E-cadherin (E-cad) immuno-
labeling in EpH4 monolayers, in control (DMSO) and SMIFH2-treated 
conditions (12hr treatment). ZA: Zonula Adherens, LJ: Lateral Junctions. 
Scale bar, 20µm.  
(B) Quantification of F-actin fluorescence intensity at cell-cell junctions for 
(A) using an automated MATLAB algorithm for image analysis. Here and in 
subsequent figure panels, unless otherwise specified, data for every junction is 
represented as a single gray dot, with Mean±SEM. n≥100 junctions from 3 
experiments.  
(C) Quantification of E-cad fluorescence intensity at cell-cell junctions for 
(A). n≥100 junctions from 3 experiments. 
(D) Histogram of cell areas in control vs. SMIFH2-treated monolayers. n=100 
junctions from 3 experiments.  
Statistical significance tested using Student’s t-test in (B) & (C).  
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3.1.2 Formin-dependent actin polymerization is required for the 
maintenance of columnar cell morphology 
As illustrated in Figure 3.1A & 3.1D, inhibition of formin activity resulted in 
increased spreading of cells within a monolayer. Interestingly, this 
phenomenon was only true of EpH4 monolayers, since SMIFH2 application 
on isolated EpH4 cells did not lead to excessive cell spreading (Figure 3.2A-
B). Thus, we hypothesized that cell spreading may be an active process, likely 
driven by Arp2/3 complex mediated actin polymerization. To test this, we 
performed double inhibition experiments, using a combination of SMIFH2 
and CK666 inhibitors (Figure 3.2C). Indeed, cell spreading was abrogated 
with inhibition of both formin and Arp2/3 complex activities, demonstrating 
that spreading in the absence of formin activity was an active Arp2/3-driven 
process (Figure 3.2C).  
 
Next, we hypothesized that the disappearance of lateral junctions upon formin 
inhibition (as shown in Figure 3.1A) could result either as an indirect 
consequence of cell spreading or due to lower formin activity at the AJ. To 
differentiate between these two possibilities, we cultured cells on fibronectin 
islands of fixed diameter (100µm) to limit the area available for cell spreading 
(Figure 3.3A). Importantly, when cells on such islands were subjected to 
SMIFH2 treatment, we observed negligible spreading outside the fibronectin 
patterns, and preservation of lateral junctions (Figure 3.3A-B). These results 
demonstrate that the disappearance of lateral junctions occurred as a 
secondary consequence of cell spreading and loss of columnar morphology 
induced by formin inhibition. It is worthwhile to note, however, that cells on 
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SMIFH2-treated islands that remained columnar did exhibit a small yet 
significant reduction in E-cad levels at the AJ (p<0.05, Student’s t-test) 
(Figure 3.3C).    
Altogether, these results indicate an essential role for formin polymerized 
actin in maintaining AJ organization and columnar morphology in epithelial 













Figure 3.2: Cell spreading associated with formin inhibition is driven by 
Arp2/3 complex activity 
 
(A) F-actin labeling in isolated EpH4 cells with and without SMIFH2 
treatment (three examples shown for each condition). Scale bar, 10µm. 
(B) Comparison of cell area changes associated with SMIFH2-treament in 
isolated cells or confluent EpH4 monolayers. n=30 isolated cells or 100 cells 
in a monolayer.  
(C) Double inhibition of Arp2/3 complex and formin activity 
(SMIFH2+CK666) prevents cell spreading, otherwise seen with SMIFH2-
treatment alone (middle panel). DAPI labeling is shown as a reference. Scale 
bar, 20µm. 
Statistical significance tested using Student’s t-test in (B).  







Figure 3.3: Reduction in lateral junctions following SMIFH2 treatment is 
due to increased cell spreading  
 
(A) F-actin and E-cad labeling for islands of EpH4 cells formed on circular 
fibronectin patterns, with or without SMIFH2 treatment. Region surrounding 
each island was rendered passive to cell spreading by treatment with pluronic 
acid. Scale bar, 10µm. 
(B) Cell area quantification for (A). Data collected from 10 islands assessed 
for each condition, presented as box and whisker plot showing median and 
10-90th percentile, and outliers as individual data points.   
(C) Quantification of junctional E-cad fluorescence intensity for (A), with 
Mean±SEM.   







3.1.3 Formin activity is required for stability of cell-cell junctions 
While long-term inhibition of formin activity (12hr) resulted in lower F-actin 
and E-cad levels at the AJ, we observed that monolayer integrity was not 
entirely perturbed. However, short-term live cell imaging (40-45min) of 
EpH4 monolayers stably expressing E-cadherin-GFP revealed stark 
differences upon treatment with the SMIFH2 inhibitor for 2hr. At the apical 
ZA, we found extremely stable junctions in control monolayers, which did not 
undergo significant rearrangement during the course of imaging (Figure 
3.4A-B). On the contrary, the apical ZA in SMIFH2-treated monolayers were 
more prone to extensions or shortening, and thus remodeled to a greater 
extent than control junctions (Figure 3.4A, C). As illustrated in Figure 3.4B-
C, fluctuations in junction length in SMIFH2-treated monolayers were 
significantly greater than in control monolayers. Similarly, analysis of 
maximum change in junction length (either increase or decrease) in 40min 
also indicated more variability for SMIFH2 vs. control (Figure 3.4D).        
 
At baso-lateral regions of contact, we observed numerous filopodial 
extensions labeled by E-cadherin-GFP in control monolayers (Figure 3.5A). 
Treatment with SMIFH2 completely abolished these filopodial protrusions, 
and instead resulted in the formation of prominent lamellipodial protrusions 
(Figure 3.5A-B). Almost all lamellipodial protrusions formed were observed 
to terminate at regions of tri-cellular contacts. It is likely that elevated Arp2/3 
complex activity associated with inhibiting cellular formins may be 






Figure 3.4: Apical junctions undergo significant remodeling following 
formin inhibition  
(A) Montage from time-lapse movies of E-cadherin-GFP labeled apical 
Zonula Adherens (ZA), in control and SMIFH2-treated (2hr) conditions. Note 
the stability of apical junctions in control in comparison to SMIFH2 
treatment. Scale bar, 10µm.     
(B) & (C) Quantification of fold change in apical junction length over time, in 
Control or post-SMIFH2 treatment, respectively. Data for 20 junctions is 
shown here, with every single line representing one junction.  
(D) Quantification of maximum increase or decrease in apical junction length, 
relative to junction length at T0, for control and SMIFH2-treated monolayers. 
n≥40 junctions per condition from 2 experiments, with Mean±SD.   





Figure 3.5: Formin inhibition leads to increased lamellipodial activity at 
baso-lateral contacts 
 
(A) Montage from time-lapse movies of E-cadherin-GFP labeled baso-lateral 
contacts, in control and SMIFH2-treated (2hr) conditions. Note the formation 
of filopodial protrusions in control vs. lamellipodial protrusions after SMIFH2 
treatment. Scale bar, 10µm.  
(B) Quantification of cells forming lamellipodia (%) at basolateral contacts. 
Box plot represents minimum to maximum and median. 














3.2 Identification and characterization of formin(s) and their upstream 
regulators with roles at the epithelial AJ  
 
3.2.1 Identification of candidate formins using an siRNA-based screen 
As the SMIFH2 inhibitor used so far was a pan-formin inhibitor, we focused 
our efforts on identifying specific members of the formin family that were 
involved in regulating actin polymerization and cadherin organization at the 
AJ. We primarily focused our search of candidate formins to those belonging 
to the Diaphanous-related family of formins, which includes Dia, FMNL, 
DAAM and FHOD classes.  
 
First, we tested endogenous expression levels of the above-mentioned classes 
of formins using semi-quantitative Reverse Transcription Polymerase Chain 
Reaction (RT-PCR). For this, total RNA was extracted from EpH4 cells and 
reverse transcribed to cDNA using oligo-dT primers; subsequently, gene-
specific primers (Table 2.4) were used to amplify each of the formins using 
cDNA as template. As shown in Figure 3.6A, we first tested a range of PCR 
amplification cycles (ranging from 22 to 42) to optimize detection of 
expression levels (for example, Fmnl3 expression could be detected from 
cycle 27 onwards, while Diap2 expression was undetectable even up to 42 
amplification cycles). Based on this analysis, we chose to perform PCR 
amplification for all formins at 42 cycles and quantify endogenous expression 
levels. PCR analysis revealed mDia1 and Fmnl3 as the two most abundant 
formins in EpH4 cells, with mDia2, Daam1, Fmnl1, Fmnl2 and Fhod1 being 
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expressed at very low levels, and negligible expression of mDia3 and Fhod3 
(all data normalized to GAPDH) (Figure 3.6B).  
 
Next, we introduced in EpH4 cells siRNAs (Table 2.3) to individually 
knockdown (KD) each of the above formins and scored for knockdowns that 
phenotypically resembled SMIFH2-mediated inhibition. Here, we used a 
SMARTpool comprising of a mixture of four siRNAs targeting every single 
gene to achieve higher potency and specificity of KD (all siRNA sequences 
are provided in Table 2.3). Phenotypic characterization of AJ morphology 
revealed that KD of Diap1 and Fmnl3 resulted in reduced E-cad at the AJ and 
increased cell spread area (Figure 3.7A; representative gel images for Diap1 
and Fmnl3 KD shown in Figure 3.7C-D), as was previously observed with 
SMIFH2 treatment. Knockdown of all other formins tested did not produce 
any significant changes in AJ organization when compared to non-targeting 
control siRNA (Neg siRNA) (Figure 3.7A).  Efficiency of knockdown for 
each formin was assessed by RT-PCR as presented in Figure 3.7B, with 
expression of each formin being reduced to ~20% 26-28hr post-siRNA 
transfection. Furthermore, we also performed double KD experiments to 
simultaneously deplete mDia1 and Fmnl3, and observed severe defects in the 
assembly of cell-cell junctions and monolayer formation (Figure 3.8A). 
While quantification of junctions was not possible for the double KD 
condition, individual KD of mDia1 or Fmnl3 resulted in reduced F-actin (29-
31% lower) and E-cad (30% lower) fluorescence intensities at the AJ (Figure 




Next, we asked if a role for formins mDia1 and Fmnl3 at the AJ was a general 
feature of epithelial cells. To verify this, we chose to KD DIA1 and FMNL3 
in a human mammary epithelial cell line, MCF10A. As illustrated in Figure 
3.9A, depletion of DIA1 or FMNL3 had marked effects on cell-cell junctions 
in MCF10A, resulting in lower E-cad and increased cell spread area 
(representative gel images for DIAP1 and FMNL3 KD shown in Figure 3.9B-
C). Taken together, these results indicate a general role for formins 














Figure 3.6: Expression profile of Diaphanous-related family of formins in 
EpH4 epithelial cells  
 
(A) Examples of PCR amplification for endogenous Gapdh (house-keeping 
gene control), Fmnl3 (positive amplification) and Diap2 (negligible 
amplification) for up to 42 cycles.  
(B) Endogenous expression levels of Diaphanous-related family of formins in 
EpH4 cells normalized to Gapdh expression (all measured at 42 PCR 






Figure 3.7: siRNA-mediated knockdown screen for Diaphanous-related 
family of formins  
 
(A) Representative images of AJ morphology (visualized by E-cad labeling) 
in EpH4 monolayers following KD of formins as indicated. Scale bar, 20µm.    
(B) Quantification of KD efficiency for individual formins in EpH4 cells, 
error bars represent SEM. n=2-3 independent experiments.  
(C) & (D) Representative gel images showing KD efficiency for Diap1 and 
Fmnl3 in EpH4, with Gapdh used as control. C: Non-targeting siRNA control, 










Figure 3.8: Double KD of mDia1 and Fmnl3 results in severe defects in 
AJ formation 
 
(A) Individual KD of mDia1 or Fmnl3 phenocopies SMIFH2-treatment (as 
visualized by F-actin and E-cad staining), while double KD (mDia1+Fmnl3 
KD) leads to severe defects in AJ formation, resulting in a sparse monolayer. 
Scale bar, 20µm.      
(B) Quantification of F-actin intensity at the AJ for (A).  
(C) Quantification of E-cad intensity at the AJ for (A).  
n=60-70 junctions per condition from 3 experiments for (B) & (C), with 
Mean±SEM. 
Statistical significance tested using one-way ANOVA in (B) & (C).  












Figure 3.9: DIA1 or FMNL3 KD in MCF10A recapitulates phenotypes in 
EpH4 monolayers  
 
(A) Individual KD of DIA1 or FMNL3 leads to reduction in E-cad labeling at 
the AJ and increased cell spreading in MCF10A monolayers. Scale bar, 
20µm. 
(B) & (C) Representative gel images showing KD efficiency for DIAP1 and 
FMNL3 in MCF10A, with GAPDH used as control. C: Non-targeting siRNA 











3.2.2 Localization and characterization of mDia1/DIA1 and Fmnl3/FMNL3 
in epithelial cells 
Given the striking effects observed in KD experiments, we explored for 
possible localization of mDia1/DIA1 and Fmnl3/FMNL3 at the AJ in 
epithelial cells.  
 
Immuno-labeling for endogenous mDia1/DIA1 detection in EpH4 or 
MCF10A cells revealed no particular enrichment at the AJ (Figure 3.10A). 
Endogenous Fmnl3/FMNL3, however, was distinctly enriched at the AJ in 
both EpH4 and MCF10A monolayers (Figure 3.10B). In addition, Fmnl3 
labeling was also detected in the primary cilium in EpH4 monolayers (Figure 
3.10B, top panel), and calls for further investigation to elucidate its function 
in this structure. In line with endogenous protein localization, introduction of 
GFP-tagged Fmnl3 in EpH4 monolayers resulted in its junctional localization, 
co-localization with E-cad, and an associated increase in F-actin and E-cad 
content at the AJ (p<0.0001 and p<0.001 respectively, Student’s t-test) 
(Figure 3.10C-E).  
 
Furthermore, we also tested a role for mDia1 at the AJ despite being unable to 
detect specific localization. To do so, we introduced in cells a Diaphanous 
auto-regulatory domain (DAD) from mDia1, which is known to stimulate 
endogenous mDia1 activity (Alberts, 2001; Rao et al., 2013) (Figure 3.10F). 
Activation of endogenous mDia1 activity resulted not only in augmentation of 
F-actin content at the AJ (50% increase vs. GFP-transfected control; 
p<0.0001, Student’s t-test) (Figure 3.10G), but also a concomitant increase in 
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E-cad fluorescence intensity at the junction (33% higher compared to GFP-
transfected cells; p<0.0001, Student’s t-test) (Figure 3.10H).   
Altogether, these results suggest a role for both mDia1 and Fmnl3 in 
regulating F-actin and E-cad organization at epithelial cell-cell junctions.        
 
 
     
 
 
Figure 3.10: Localization and characterization of mDia1/DIA1 and 




(A) Endogenous mDia1 or DIA1 exhibits diffuse localization in EpH4 or 
MCF10A monolayers, respectively. Scale bar, 20µm.  
(B) Endogenous Fmnl3 or FMNL3 localizes prominently to cell-cell junctions 
in EpH4 (white arrowhead) or MCF10A monolayers, respectively. Scale bar, 
20µm.  
(C) Fmnl3-GFP localizes to the AJ (white arrowhead) in EpH4 cells, leading 
to increase in F-actin (white arrow) and E-cad at cell-cell junctions in 
transfected cells. Scale bar, 10µm. 
(D) & (E) Quantification of junctional fluorescence intensities of F-actin and 
E-cad, respectively, for (C). n=30 cells/condition from 3 experiments, with 
Mean±SEM.  
(F) EpH4 cells transfected with mVenus-DAD (mVenus fluorescence shown 
in inset) demonstrate elevated levels of F-actin and E-cad in comparison to 
non-transfected neighbors. Scale bar, 10µm.  
(G) & (H) Quantification of junctional fluorescence intensities of F-actin and 
E-cad, respectively, for (F). n≥30 cells/condition from 3 experiments, with 
Mean±SEM.  


















3.2.3 Src kinase inhibition phenocopies mDia1/Fmnl3 KD and Src kinase 
acts upstream of formin activity at the AJ 
Having identified mDia1 and Fmnl3 as important regulators of actin 
polymerization at the AJ, we next sought to determine upstream regulators of 
these formins.    
 
A variety of upstream regulators of formin activity have been identified and 
characterized so far, which include kinases and RhoGTPases. For instance, 
the non-receptor tyrosine kinase Src has been shown to regulate several 
cellular functions of the formin FHOD1 (Koka et al., 2005), and also interacts 
with DAAM1 to regulate actin filament dynamics in mammalian cells 
(Aspenstrom et al., 2006). Interestingly, an siRNA screen for kinases that 
function at the AJ revealed phenotypically similar results for Src KD as we 
have described here for mDia1 or Fmnl3 KD. As shown in Figure 3.11A, 
inhibition of Src kinase activity via the drug PP2 or siRNA-mediated KD (KD 
levels shown in Figure 3.11B) resulted in a change in junction organization 
akin to that observed with mDia1 or Fmnl3 KD.  
 
Given that Src inhibition resulted in reduced E-cad at the AJ, we asked if this 
translated to monolayers possessing weaker cell-cell adhesions. To test 
adhesion strength, we performed the dispase-based dissociation assay, which 
uses the enzyme dispase to disrupt cell-ECM attachments without perturbing 
cell-cell junctions. Post-dispase incubation, the mechanical disruption of cell 
sheets into single cells is inversely correlated with adhesion strength. As 
illustrated in Figure 3.11C, incubation with dispase for 20min resulted in 
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higher percentage of cells dissociating from a confluent monolayer pre-treated 
PP2, in comparison with an unperturbed control (Note the larger cell-free 
areas in ‘EGTA’ (low adhesion strength control) and ‘PP2’, Figure 3.11C). 
Quantification of single cells after a 45min incubation period, revealed 
16±3.7% single cells dissociated from control EpH4 monolayers (Figure 
3.11C). Pre-treatment with the calcium chelator EGTA, that severely perturbs 
cadherin-dependent cell-cell adhesion, resulted in nearly complete (95±2.9%) 
dispersal of the monolayer into single cells (Figure 3.11C). In comparison to 
untreated control, PP2-treated monolayers produced significantly higher 
number (32±3.1%; p<0.0001, Student’s t-test) of single cells after incubation 
with dispase (Figure 3.11C). Hence, these results suggest that perturbation of 
Src activity resulted in compromised cell-cell adhesion strength in EpH4 
monolayers.  
 
As alluded to previously, Src kinase activity has been demonstrated to act 
upstream of formins in a variety of cellular contexts. Hence, we sought to 
identify in our system if Src kinase was also an upstream regulator of mDia1 
or Fmnl3. As a direct test, we attempted to rescue the effects of Src inhibition 
by activation of endogenous mDia1 via DAD expression. Interestingly, DAD 
expression resulted in dramatic increase in E-cad levels and augmentation of 
the AJ in transfected cells (Figure 3.12A-B) in comparison to non-transfected 
neighbors that exhibited the Src inhibition phenotype. Hence, we could place 




Next, we also tested for regulation of Fmnl3 by Src, by combining Src-GFP 
expression with siRNA-mediated KD of Fmnl3. In control conditions, co-
transfection of full-length Src-GFP and non-targeting siRNA resulted in 
prominent junctional localization of Src-GFP (Figure 3.12C top panel). This 
was also associated with robust enrichment of F-actin and E-cad at junctions 
between transfected cells (Figure 3.12C top panel, 3.12D-E). On the 
contrary, while co-transfection of Src-GFP and Fmnl3 siRNA did not abolish 
Src localization, we observed no change in F-actin or E-cad levels at the AJ 
(Figure 3.12C bottom panel, 3.12D-E).      
 
Overall, these data demonstrate a role for Src kinase an as upstream regulator 











Figure 3.11: Src kinase inhibition phenocopies formin inhibition 
 
(A) Inhibition of Src kinase activity via PP2 treatment or siRNA-mediated 
knockdown results in reduced E-cad and increased cell spreading, similar to 
phenotypes associated with mDia1 or Fmnl3 KD. Scale bar, 20µm.  
(B) Representative gel image and quantification of KD efficiency for Src in 
EpH4, with Gapdh used as control. C: Non-targeting siRNA control, KD: 
Knockdown.   
(C) Dispase assay for PP2 treated monolayers to assess cell-cell adhesion 
strength. Note the large gaps formed in EGTA (low adhesion strength control) 
or PP2-treated monolayers in comparison to control, indicating increased 
dissociation of cells. Quantification of single cells released from each sample 
is shown alongside. n=3 independent experiments, with Mean±SD.  
Statistical significance tested using one-way ANOVA in (C).  






Figure 3.12: Src kinase acts upstream of formin activity at the AJ  
(A) Reduction in junctional E-cad levels associated with Src inhibition (PP2) 
can be rescued by activation of endogenous mDia1 via DAD expression 
(mVenus fluorescence shown in inset). Note the significant increase in E-cad 
at the AJ in transfected cells vs. non-transfected counterparts. Scale bar, 
20µm.  
(B) Quantification of junctional E-cad related to (A). n≥30 cells/condition 
from 3 experiments, with Mean±SEM.   
(C) Expression of Src-GFP (full-length) results in its junctional localization, 
associated with higher F-actin and E-cad levels at the AJ (arrowheads, top 
panel). Junction augmentation is abrogated when Src-GFP expression is 
combined with Fmnl3 KD (bottom panel). Scale bar, 20µm.  
(D) & (E) Quantification of junctional fluorescence intensities of F-actin and 
E-cad, respectively, for (C). n≥35 cells/condition from 3 experiments, with 
Mean±SEM. 
Statistical significance tested using one-way ANOVA in (B), (D) & (E). 
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3.2.4 Cdc42 is a signaling intermediate between Src kinase and formin 
activity at the AJ 
An overwhelming body of evidence has implicated RhoGTPases as upstream 
regulators of Diaphanous-related family of formins that are typically auto-
inhibited and require activation through RhoGTPase binding, as reviewed in 
(Chesarone et al., 2010). Several previous studies have also implicated Src 
kinase as a regulator of RhoGTPase activity at the AJ (Fukuhara et al., 2004; 
Bertocchi et al., 2012). Hence, we hypothesized a RhoGTPase intermediate 
existed in the signaling cascade from Src to formin activity.   
 
To test this, we used constitutive active mutants of RhoA (V14), Rac1 (L61), 
and Cdc42 (Q61L), and tested their ability to rescue the phenotype of Src 
inhibition with PP2. Expression of active Cdc42 was effective in rescuing 
defects in AJ morphology that were otherwise observed with Src kinase 
inhibition (Figure 3.13A-B). We also detected increased E-cad levels at the 
AJ in Cdc42 (Q61L)-expressing cells compared to non-transfected neighbors 
(Figure 3.13A-B). On the other hand, active RhoA or Rac1 did not rescue 
PP2 inhibition, and failed to restore E-cad fluorescence levels at cell-cell 
junctions (Figure 3.13C-D). Thus, we identified Cdc42 as a key intermediate 
between Src and formin activity at the AJ.  
 
In a recent study, Cdc42 was demonstrated to regulate Fmnl3 activation and 
promote filopodia production during zebrafish angiogenesis (Wakayama et 
al., 2015). We hypothesized that this may be true of cell-cell junctions as 
well, and used a mutant Fmnl3 to test the same. Mutation I111D in Fmnl3 
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abolishes binding to Cdc42, as previously shown in (Wakayama et al., 2015). 
Fmnl3-GFP (I111D) exhibited diffuse cytoplasmic localization when 
transfected in EpH4 cells, with no particular enrichment at the AJ (Figure 
3.13E). Further, this mutant did not affect either F-actin or E-cad levels at the 
AJ (Figure 3.13F-G), unlike wild-type Fmnl3-GFP that induced substantial 
increase in F-actin/E-cad at the AJ (refer Figure 3.10C-E). Thus, our results 
confirm the RhoGTPase Cdc42 to be an important intermediate between Src 












Figure 3.13: Cdc42 is a signaling intermediate between Src kinase and 
formin activity at the AJ 
(A) Constitutively active Cdc42 expression (GFP shown in inset) rescues Src 
inhibition phenotype. Note the difference in AJ morphology in transfected 
cells (white arrowheads) compared to non-transfected neighbors. Scale bar, 
10µm.  
(B) Quantification of E-cad fluorescence intensity for (A). n≥29 cells per 
condition from 3 experiments, with Mean±SEM. 
(C) Constitutively active RhoA or Rac1 expression (transfected cells marked 
with asterisk) does not rescue Src inhibition phenotype. Scale bar, 20µm.  
(D) Quantification of E-cad fluorescence intensity for (C). n≥25 cells per 
condition from 3 experiments, with Mean±SEM.  
(E) Fmnl3-GFP (I111D) does not localize to the AJ or affect F-actin/E-cad 
levels. Scale bar, 20µm.   
(F) & (G) Quantification of junctional fluorescence intensities of F-actin and 
E-cad, respectively, for (E). n≥26 cells/condition from 3 experiments, with 
Mean±SEM. 
Statistical significance tested using one-way ANOVA in (B) & (D), Student’s 
t-test in (F) & (G).  
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3.3 Formin activity affects molecular and monolayer dynamics in 
epithelial cells 
 
3.3.1 Formin activity affects E-cadherin and F-actin dynamics at the AJ 
Given the strong correlation between formin activity and F-actin/E-cad 
content at the AJ, we proceeded to perturb formin activity and test the effects 
on molecular dynamics using Fluorescence Recovery After Photobleaching 
(FRAP). This technique is used to characterize protein dynamics by bleaching 
a region of interest (ROI) along a cell-cell junction, followed by time-lapse 
observation of fluorescence recovery within the bleached ROI. Quantitative 
analysis of molecular dynamics is then achieved by fitting fluorescence 
intensity measurements in the recovery phase to a reaction-diffusion equation 
(Sprague and McNally, 2005; Erami et al., 2015).    
 
In a recent study, FRAP analysis was used to identify distinct populations of 
E-cad at cell-cell junctions based on their dynamics; and elegantly 
demonstrated that a large fraction of E-cad molecules were immobilized 
through interactions facilitated by the extracellular domain (EC1) and/or 
cytoplasmic domain-mediated interactions with actin (Erami et al., 2015). 
Perturbation of EC1 domain mediated cis (V81D+V175D mutations) or trans 
(W2A mutation) interactions or deletion of the cytoplasmic domain to prevent 
actin binding resulted in poorer immobilization of E-cad at cell junctions 
(Erami et al., 2015). Given their direct role in polymerizing actin, we chose to 
modulate levels of formin activity and performed FRAP experiments on 




Data from our FRAP analysis are summarized in Table 3.1, while recovery 
curves and quantification of mobile fractions are illustrated in Figure 3.14B-
C. In control monolayers, FRAP analysis on E-cad revealed the half-life of 
recovery (t1/2) to be 151s and a mobile fraction of 53±1.43%.  In comparison, 
E-cad in SMIFH2-treated monolayers recovered at a much faster rate (t1/2 = 
112s), with a significantly higher mobile fraction (65±2.63%; p<0.001, 
Student’s t-test). Stimulation of endogenous mDia1 and actin polymerization 
via DAD expression, however, resulted in a significantly slower recovery rate 
with a t1/2 of 173s and 43±1.89% mobile fraction (p<0.01, Student’s t-test).  
 
Next, we also assessed F-actin dynamics at the AJ by performing FRAP on 
EpH4 cells transiently expressing tdTomato-actin (Figure 3.14D-F, 
summarized in Table 3.2). Here, we focused our efforts on characterizing 
Fmnl3 KD or over-expression conditions, given the clear localization of 
Fmnl3 we observed previously. At control junctions, the recovery curve for 
tdTomato-actin exhibited bi-phasic characteristics, with an initial rapid 
recovery phase and second phase consisting of G-actin monomer integration 
into the F-actin pool, as has been previously described in other systems 
(Tardy et al., 1995). Based on our analysis, t1/2 for F-actin at control junctions 
was quantified to be 19.95s (Table 3.2, Figure 3.14D-F). Cellular depletion 
of Fmnl3 led to an accelerated recovery phase initially (t1/2 =12.2s), indicating 
that a reduction in F-actin polymerization by Fmnl3 likely shifts the G/F-actin 
ratio in favor of increased levels of G-actin (Table 3.2, Figure 3.14D-F). 
Conversely, Fmnl3-GFP expression resulted in increased F-actin content at 
the AJ, as quantified previously (refer Figure 3.10C-D). As expected, FRAP 
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analysis under these conditions led to slower tdTomato-actin turnover at the 
AJ (t1/2 =25.11s) (Table 3.2, Figure 3.14D-F), suggesting that the G-actin 
pool may be diminished due to increased formin-dependent F-actin 
polymerization at the AJ. Indeed, similar recovery kinetics for F-actin at the 
AJ has also been independently demonstrated for the formin FMNL2 in 
MCF10A cells cultured under 3D conditions (Grikscheit et al., 2015).    
 
Hence, these data suggest that tuning F-actin polymerization by either 
inhibiting or activating formins directly affects actin turnover at the AJ, which 
in turn impinges on the mobility of E-cad at cell junctions, further confirming 











Table 3.1: Summary of FRAP analysis for E-cadherin 
 
S.No. Sample Half-life (t1/2) Mobile 
Fraction 
1. Control 151s 53±1.43% 
2. SMIFH2 112s 65±2.63% 
3. DAD expression 173s 43±1.89% 
 
 
Table 3.2: Summary of FRAP analysis for F-actin 
 
S.No. Sample Half-life (t1/2) Mobile 
Fraction 
1. Neg siRNA (Control) 19.95s 78.7±1.45% 
2. Fmnl3 KD 12.2s 85.1±1.17% 









Figure 3.14: Formin activity affects E-cadherin and F-actin dynamics at 
the AJ 
 
(A) FRAP analysis on E-cadherin-GFP expressing EpH4 monolayers; 
junctional cadherin was photo-bleached (white rectangle) and recovery of 
fluorescence was assessed (as shown in magnifications). Scale bar, 10µm; 
5µm (magnification).  
(B) Fluorescence recovery curves for E-cadherin comparing the effects of 
SMIFH2 treatment or DAD expression. Data are illustrated as an average for 
15-16 junctions tested for each condition from 2-3 experiments.  
(C) Mobile fractions corresponding to (B). n=15-16 junctions from 2-3 
experiments, with Mean±SEM. 
(D) FRAP analysis on tdTomato-Actin expressing EpH4 cells; junctional F-
actin was photo-bleached (white rectangle) and recovery of fluorescence was 
assessed (as shown in magnifications). Scale bar, 10µm; 5µm (magnification).  
(E) Fluorescence recovery curves for F-actin comparing the effects of Fmnl3 
KD or Fmnl3 overexpression (Fmnl3-GFP). Data are illustrated as an average 
for 17-18 junctions tested for each condition from 3 experiments.       
(F) Mobile fractions corresponding to (E). n=17-18 junctions from 3 
experiments, with Mean±SD. 






3.3.2 Fmnl3 and mDia1 support monolayer cohesion during collective 
migration 
Having found significant effects of Fmnl3 KD at the molecular level, we next 
analyzed effects on monolayers dynamics using an in vitro scratch assay to 
follow collective cell migration. As has been shown previously for several 
types of epithelial cells, EpH4 monolayers exhibited characteristic directed 
migration resulting in complete closure of the gap within 12hr (Figure 3.15A-
B). KD of Fmnl3, however, resulted in severe migration defects, primarily 
driven by increased dissociation of cells from the migrating fronts (25±2.25% 
in comparison to 5±1.23% in control; p<0.0001, Student’s t-test) (Figure 
3.15A, C). Failure to maintain a continuous front resulted in only 62% gap 
closure during the period of imaging (Figure 3.15B). Further, having 
previously identified mDia1 as an important player at the AJ, we also tested 
the effect of a double KD (that is, both mDia1 and Fmnl3) on collective 
migration. To do so, we introduced siRNAs against both formins on pre-
formed confluent EpH4 monolayers, as performing KD in suspension resulted 
in the formation of a sparse monolayer with punctate AJ (as shown previously 
in Figure 3.8A, bottom panel). Under these conditions, we observed little to 
no migration (Figure 3.15A bottom panel), with all gaps remaining unsealed 
even up to 12hr (Figure 3.15B). In addition, we detected multiple cytokinesis 
failure events leading to numerous rounded cells that failed to re-integrate 
into the monolayer (Figure 3.15A bottom panel). Strikingly, the double KD 
condition (mDia1+Fmnl3 KD) was associated with complete lack of 




We hypothesized that the high propensity for cell detachment from migrating 
monolayers could be the consequence of weaker cell-cell adhesion, and tested 
this using the dispase-based dissociation assay. As shown in Figure 3.15D, 
control (Neg siRNA) monolayers exhibited a single cell dissociation rate of 
16±2.23%, while EGTA-based calcium chelation to weaken adhesion strength 
resulted in increased (93±2.4%; p<0.0001, Student’s t-test) single cell 
dissociation. siRNA-mediated KD of Fmnl3 led to nearly half the monolayer 
being dispersed into single cells (43±3.09%; p<0.001, Student’s t-test) 
(Figure 3.15D), while double KD of mDia1 and Fmnl3 enhanced cell 
dissociation to 66±3.47% (Figure 3.15D).      
 
The phenotypes described thus far were true not only of EpH4 monolayers, 
but also of MCF10A where KD of FMNL3 resulted in failure in migration 
with several instances of cell detachment at the leading edge (Figure 3.16A, 
C). Thus, closure of the gap was also severely compromised in MCF10A 
monolayers, as shown in Figure 3.16A-B. Further, we also tested cell-cell 
adhesion strength in MCF10A monolayers using the dispase assay, together 
with a Neg siRNA control and EGTA treatment. As illustrated in Figure 
3.16D, FMNL3 KD monolayers exhibited a single cell dissociation rate of 
35±3.22% (p<0.01, Student’s t-test) when compared to 16.46±3.47% in 






All in all, our analysis of dynamics both at the molecular and monolayer 
levels, suggest that formins mDia1 and Fmnl3 facilitate actin turnover at the 
AJ and strengthen cell-cell adhesion, thereby preserving monolayer integrity 
during collective migration. Based on our data in both quiescent (Section 
3.2.2) and migrating monolayers, we propose a co-operative role for both 
these formins at the AJ. Further analysis via co-immunoprecipitation and co-
localization experiments is required to probe for direct interactions, if any, 













Figure 3.15: Fmnl3 and mDia1 support monolayer cohesion during 
collective migration in EpH4 cells 
 
(A) In vitro scratch assay performed in EpH4 monolayers in three conditions: 
Control (Neg siRNA), Fmnl3 KD or Double KD (mDia1+Fmnl3 KD). 
Cohesive regions of the cell sheet are pseudo-colored in yellow in the 
montages shown here, while cells detached from the monolayer are 
highlighted in blue. Scale bar, 50µm.  
(B) Wound closure quantification related to (A). n=8-10 movies per 
condition, with Mean±SEM.   
(C) Quantification of cells detached from migrating front. n=8 movies for 
each condition, with Mean±SD. 
(D) Dispase dissociation assay corresponding to conditions tested in (A), with 
EGTA treatment used as a low adhesion strength control. n=3 independent 
experiments, with Mean±SD.  
Statistical significance tested using Student’s t-test in (C), one-way ANOVA 
in (D).  





Figure 3.16: FMNL3 is required for monolayer cohesion in migrating 
MCF10A monolayers  
 
(A) In vitro scratch assay performed in MCF10A monolayers in two 
conditions: Control (Neg siRNA) and Fmnl3 KD. Cohesive regions of the cell 
sheet are pseudo-colored in yellow in the montages shown here, while cells 
detached from the monolayer are highlighted in blue. Scale bar, 50µm.  
(B) Wound closure quantification related to (A). n=12 movies per condition, 
with Mean±SEM.   
(C) Quantification of cells detached from migrating front. n=12 movies for 
each condition, with Mean±SD. 
(D) Dispase dissociation assay corresponding to conditions tested in (A), with 
EGTA treatment used as a low adhesion strength control. n=3 independent 
experiments, with Mean±SD.  
Statistical significance tested using Student’s t-test in (C), one-way ANOVA 






3.3.3 Fmnl3 localization at the AJ and expression are up regulated during 
collective migration  
Due to the strong phenotype of cell detachment associated with Fmnl3 KD 
and based on its localization at the AJ in quiescent monolayers (refer Figure 
3.10B), we next asked if Fmnl3 localization also varied in actively migrating 
monolayers. To test this, we performed an in vitro scratch assay and assessed 
over time localization of Fmnl3 by immunostaining (Figure 3.17A). More 
specifically, we analyzed localization patterns of Fmnl3 in cells that were 
located several cell layers behind the leading edge. Interestingly, we observed 
enrichment of Fmnl3 at the AJ after 4hr of wounding, with nearly 2-fold 
increase in localization observable between 6-10hr since migration had begun 
(Figure 3.17A-B). Following cessation of migration between 12-14hr, there 
was a gradual reduction in Fmnl3 levels at the AJ (Figure 3.17A-B).  
 
Given the increased localization of Fmnl3 at cell-cell junctions during the 
course of migration, we questioned if this was related to up-regulation of 
Fmnl3 gene expression. To verify this, we used semi-quantitative RT-PCR 
analysis to quantify changes in Fmnl3 expression levels during migration. As 
shown in Figure 3.17C, we followed the process of collective migration over 
a 14hr time period. Migration was most active between 6-10hrs post-
wounding, during which time the two opposing cell fronts began to establish 
cell-cell contact, and by 12hr all gaps had been completely sealed. Next, we 
analyzed mRNA expression levels for every time point shown in Figure 
3.17C. Interestingly, RT-PCR analysis revealed a continuous rise in Fmnl3 
levels until ~10hr into the migration process, coinciding well with the active 
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phase of cell sheet migration (Figure 3.17D-E). Following a peak increase of 
1.4-fold at 10hr, we observed a mild reduction in expression levels between 
12-14hr when long-range migration had ceased (Figure 3.17D-E).    
 
Therefore, these data support the idea that Fmnl3-dependent actin 
polymerization is required to reinforce junctions during collective migration, 
a condition that typically results in exertion of higher forces on cell-cell 













Figure 3.17: Fmnl3 localization at the AJ and expression are up-
regulated to promote collective migration 
(A) Detection of endogenous Fmnl3 localization during the wound closure 
process over 14hr. Cells shown here were situated 4-5 cells row inside the 
monolayer, behind the wound edge. Scale bar, 20µm.      
(B) Quantification of junctional Fmnl3 fluorescence intensity corresponding 
to (A). n=2 independent experiments, with Mean±SEM.  
(C) Time series following an in vitro scratch assay over 14hr (low 
magnification, 10X). Arrowheads indicate regions of de novo AJ formation 
when opposing cell fronts establish contact.  
(D) Detection of Fmnl3 expression levels using PCR amplification, 
corresponding to time points illustrated in (C). Note the increase in intensity 
of bands between 6-10hr time points. C: control monolayer (unwounded).  
(E) Quantification of % wound sealed from (C), compared with Fmnl3 
expression levels in (D). Note the rise in Fmnl3 expression levels coincides 




3.3.4 Fmnl3 localization at the AJ is tension-sensitive 
Increased recruitment of Fmnl3 to the AJ coincident with the duration of 
active migration suggested that Fmnl3 recruitment to junctions might be 
force-sensitive. To test this directly, we used the ‘α18’ monoclonal antibody 
that has been previously characterized (Yonemura et al., 2010). The epitope 
recognized by the α18 antibody resides in a central domain within the AJ 
protein, α-catenin. Force-dependent stretching of α-catenin at the AJ allows 
for vinculin recruitment and exposes the central α18-binding region; thus, 
enabling the use of this antibody as a marker for force-dependent recruitment 
at the AJ.  
 
First, we used nocodazole (increases contractility) (Chang et al., 2008) or 
blebbistatin (decreases contractility) (Kovacs et al., 2004) treatment on EpH4 
monolayers to confirm that α-18 antibody staining at cell-cell junctions was 
indeed tension-sensitive. In line with results from (Yonemura et al., 2010), we 
observed significantly higher α18 staining at the AJ following nocodazole 
treatment (Figure 3.18A-B), while α18 or α-catenin labeling was significantly 
reduced post-blebbistatin treatment (Figure 3.18A, bottom panel). 
Therefore, these data confirm that cell-cell junctions in EpH4 were tension-
sensitive which resulted in force-induced stretching of α-catenin at the AJ. 
Next, we used similar drug treatments to assess the localization of Fmnl3 
under conditions of varying cellular contractility. As shown in Figure 3.19A-
C, increased cellular contractility (nocodazole) resulted in an increase in 
Fmnl3 localization at the AJ (Figure 3.19A middle panel, 3.19C), which was 
lost upon treatment with blebbistatin (Figure 3.19A bottom panel).  
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Altogether, these results further demonstrate the force-dependent recruitment 
of Fmnl3 to cell-cell junctions, and suggest a mechanism to explain our 
observations of increased Fmnl3 localization to the AJ during collective cell 
migration. Further, it is interesting to note that previous studies have 
highlighted force-dependent stimulation of actin polymerization by the 
formins mDia1 (Higashida et al., 2013) and INF2 (Shao et al., 2015). 
Evidence from (Higashida et al., 2013) implicates the FH1 and FH2 domains 
as likely candidates for mechano-sensitive domains, an area that warrants 
further investigation. The ability of formins to respond to forces and 
polymerize actin highlights a mechanism by which cells can quickly reinforce 
cellular actin structures (for instance, actin at the cortex or at the AJ) in 
response to tensile stress. In addition, force-dependent activation of mDia1 
was also shown to be independent of Rho-GTPase binding (Higashida et al., 
2013). These studies provide interesting clues into alternate mechanisms for 
formin activation, in addition to known Rho-GTPase-dependent signaling 
pathways. How force is transduced within the auto-inhibited conformation of 
a formin remains unknown; but preliminary evidence suggests that increased 
cytoplasmic G-actin levels can be directly sensed and polymerized by formins 












Figure 3.18: Cell-cell junctions in EpH4 are tension-sensitive 
 
(A) EpH4 monolayers, treated with nocodazole or blebbistatin, and labeled to 
detect α-catenin α18, α-catenin and F-actin. α18/α-catenin ratio (last column 
on the right) highlights the increase or decrease in force-dependent stretching 
of α-catenin at cell-cell junctions. Scale bar, 20µm.      
(B) Quantification of α18/α-catenin ratio for (A).  n>50 junctions per 
conditions, with Mean±SEM. Quantification could not be performed post-
blebbistatin treatment due to disruption of junctions and complete loss of α18 
or α-catenin labeling. 







Figure 3.19: Fmnl3 localization at the AJ is tension-sensitive 
 
(A) EpH4 monolayers, treated with nocodazole or blebbistatin, and labeled to 
detect α-catenin α18, Fmnl3 and F-actin. Note the increased localization of 
Fmnl3 at the AJ following nocodazole treatment, which is lost upon 
blebbistatin treatment. Scale bar, 20µm. 
(B) & (C) Quantification of α18 and Fmnl3 fluorescence intensities, 
respectively, at the AJ for control and nocodazole-treated conditions 
illustrated in (A). n>50 junctions per conditions, with Mean±SD. 






3.3.5 Fmnl3 expression is reduced as cells undergo EMT 
Epithelial-Mesenchymal transition (EMT) is a biological process crucial to 
development that drives a polarized epithelial cell to undergo several genetic 
and biochemical changes resulting in a mesenchymal phenotype (Kalluri and 
Weinberg, 2009). These mesenchymal cells are associated with enhanced 
migratory abilities and invasive properties, often due to a weakening of cell-
cell junctions and reorganization of the cytoskeleton, amidst other complex 
changes that include reprogramming of gene expression and alteration of 
signaling pathways (Kalluri and Weinberg, 2009; Thiery et al., 2009).    
 
The migration defects and cell detachment phenotype we observed with 
Fmnl3 KD in an in vitro scratch assay were reminiscent of phenotypes 
observed during EMT. Hence, we asked if there was an association between 
Fmnl3 expression levels and EMT. To test this, we used a panel of human 
ovarian cancer lines that exhibited phenotypes resembling epithelial (PEO-1), 
mesenchymal (Hey-A8) or intermediate-EMT (SKOV-3 and OVCA429WT) 
states (All cell lines were previously characterized in (Huang et al., 2013)). 
Non-transformed ovarian surface epithelial cells (IOSE-523) were used as a 
control. Using semi-quantitative RT-PCR, we probed FMNL3 expression 
levels in all ovarian cell lines. Interestingly, PCR analysis detected the highest 
expression of FMNL3 in the non-transformed IOSE-523 cell line, with 
moderate levels in epithelial ovarian cancer cells (Figure 3.20A-B). Further, 
we failed to detect any FMNL3 expression in the cancer cell lines of 
mesenchymal type (Figure 3.20A-B). Overall, these results suggest that 
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FMNL3 expression supports the epithelial phenotype in ovarian cells, and is 




         
 
 
Figure 3.20: Fmnl3 expression is reduced as cells undergo EMT 
 
(A) Detection of FMNL3 expression levels using PCR amplification in human 
ovarian cancer cell lines as indicated. NT: Non-transformed (control), Epi.: 
Epithelial, Mes.: Mesenchymal.  
(B) Quantification of FMNL3 expression levels corresponding to (A). n=2 






























4.1 Regulation of cell-cell adhesion by mDia1 and Fmnl3-dependent actin 
polymerization 
The Arp2/3 complex has largely been implicated as an important actin 
nucleator at the AJ; however, in recent times, identifying the cellular 
functions of various members of the formin family has been the subject of 
intense research. Here, we provide evidence for formin-dependent actin 
polymerization in modulating actin turnover at cell-cell contacts, which in 
turn influences E-cadherin stabilization at the AJ. We identify two formins, 
mDia1 and Fmnl3, as key players in this process. Although several recent 
studies have independently characterized mDia1 or Fmnl3 at the AJ 
(Carramusa et al., 2007; Homem and Peifer, 2008; Phng et al., 2015), we 
show for the first time a crucial role for these formins in maintaining cell-cell 
adhesion strength and cohesion in epithelial monolayers to facilitate collective 
cell migration. In line with this observation, we observe force-dependent 
recruitment of Fmnl3 at the AJ, and demonstrate that loss of Fmnl3 
expression correlates with EMT. While our results provide various novel 
findings and extend our understanding of the functions of formins at the AJ, 
several unanswered questions remain, which are discussed in greater detail 







4.2 Regulation of formins at the AJ by kinases and RhoGTPases 
Our results identify the non-receptor tyrosine kinase Src as a key upstream 
regulator of formin activity at cell-cell junctions. We demonstrate that Src KD 
phenocopies formin inhibition with SMIFH2, and Src kinase activity 
functions upstream of mDia1 and Fmnl3 at the AJ. Indeed, several studies 
have reported a positive influence of Src kinase signaling on cadherin-based 
junctions, via a number of downstream effectors. For instance, Src kinase 
signaling is required for the recruitment of phosphoinositide (PI) 3-kinase to 
the AJ (Pang et al., 2005). Recruitment of the actin-binding protein, cortactin, 
is also known to occur downstream of E-cadherin-activated Src signaling at 
the AJ (Ren et al., 2009). Phosphorylation of cortactin by Src is essential for 
the former to preserve the integrity of junctional actin cytoskeleton and 
cadherin-based cell-cell contacts (Ren et al., 2009). Here, we identify formins 
as additional downstream effectors of Src kinase at the AJ. Furthermore, we 
show force-dependent recruitment of Fmnl3 to cell-cell junctions. In this 
regard, our data identifying Src activity upstream of formins is of particular 
interest since Src has also been shown to respond to mechanical stimulation, 
at least at cell-matrix adhesions (Wang et al., 2005; Niediek et al., 2012).  
 
Further, several lines of evidence point to regulation of formins and 
RhoGTPase activation by Src kinase (Bertocchi et al., 2012). For example, 
Src kinase co-localizes and associates with mDia1 in mid-bodies of dividing 
cells and endosomes, to facilitate cytokinesis (Tominaga et al., 2000). Src 
activity facilitates the recruitment and activation of the RhoGTPase Cdc42 at 
nectin-based cell-cell adhesions via the Cdc42-GEF FRG (Fukuhara et al., 
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2004). Src kinase activity is also upstream of Cdc42 in the formation of a 
cortical actin cap in HeLa cells (Kuga et al., 2008), as well as in podosome 
assembly in HUVEC cells (Tatin et al., 2006). In our results, we find that 
Cdc42 functions downstream of Src at the AJ, and more specifically is 
responsible for the activation and localization of Fmnl3 to the AJ.  Just as Src 
kinase is known to be mechano-responsive, Cdc42 is also activated in 
response to fluid shear stress in endothelial cells (Tzima et al., 2003). While 
mechano-sensitivity of both Src and Cdc42 has previously been studied with 
respect to cell-matrix adhesions, the recent availability of biosensors for Src 
and Cdc42 could aid in direct validation of the mechano-response of these 
proteins at the AJ (Wang et al., 2005; Seong et al., 2009; Hanna et al., 2014).      
 
In our study we find temporal up-regulation of Fmnl3 expression during 
collective migration in EpH4 monolayers and increased localization of Fmnl3 
at cell-cell junctions. Interestingly, a similar trend has also been observed for 
Cdc42 expression levels in in vivo studies during rabbit corneal epithelial 
wound healing (Figure 4.1A) (Pothula et al., 2013), where Cdc42 activation 
is essential for proper migration and wound repair. In gastrointestinal mucosal 
wound healing models, up-regulation of the actin regulatory protein Annexin-
2, in a Rho-dependent manner, is crucial to facilitate migration and wound 
closure (Figure 4.1B) (Babbin et al., 2007). Based on our analysis, we show 
that increased Fmnl3 expression and localization at the AJ is particularly 
required to support AJ integrity during collective migration when junctions 
typically experience greater forces (Tambe et al., 2011). Hence, it is likely 
that up-regulation of RhoGTPases and other actin regulatory proteins may be 
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a more widespread theme in collective migration to support actin turnover and 
reorganization at cell-cell and/or cell-matrix adhesions.     
 
 
        
 
 
Figure 4.1: Up-regulation of Cdc42 and Annexin-2 expression during 
collective migration 
(A) Change in Cdc42 expression during in vivo wound healing in rabbit 
corneal epithelia1. 
(B) Change in annexin-2 mRNA transcript levels in stationary vs. migrating 
T84 intestinal epithelial monolayers (top panel)2. Increase in annexin-2 
protein levels in T84 and Caco2 intestinal epithelial cells associated with 
collective migration (bottom panel)2.     
 
[1Figure 4.1A reproduced with permission from (Pothula et al., 2013) and Association for 
Research in Vision and Opthalmology (ARVO). 2Figure 4.1B reproduced with permission 




4.3 Mechano-sensitivity of formins 
Cell-cell adhesions are mechano-sensitive structures, capable of sensing and 
transducing mechanical stimuli into biochemical responses. Linkage of E-
cadherin to the actomyosin cytoskeleton is essential for this purpose, with 
resident AJ proteins (α-catenin, VASP, Zyxin, Testin) also contributing to the 
mechano-sensitivity of cell-cell junctions (Yonemura et al., 2010; Leerberg et 
al., 2014; Oldenburg et al., 2015). For example, increase in junctional 
contractility leads to the recruitment of vinculin to the AJ, which in turn 
recruits the actin regulator Mena/VASP to promote actin assembly at cell-cell 
junctions and respond to contractile tension (Leerberg et al., 2014). Here, we 
demonstrate tension-dependent recruitment of an actin nucleator, Fmnl3, to 
cell-cell junctions under strain during collective cell migration. In addition, 
with the aid of drugs to alter cellular contractility, we show direct recruitment 
of Fmnl3 to the AJ in a force-dependent manner. Our results add to the 
growing body of evidence illustrating the mechano-sensitive nature of 
formins. Single molecule tracking studies revealed stimulation of processive 
actin polymerization by mDia1 in response to a physical force (either cyclic 
stretch or needle manipulation) applied on cell surfaces (Higashida et al., 
2013). More recently, Inverted formin 2 (INF2) was reported to support the 
reversible assembly of a perinuclear actin rim following cell stimulation by 
application of local forces (Shao et al., 2015). Hence, the ability of formins to 
sense forces and respond by promoting local actin polymerization can likely 
be extended to a variety of cellular processes and cell types. While the exact 
mechano-sensitive domain within a formin has not been fully characterized, 
evidence from (Higashida et al., 2013) implicates the catalytic FH1 and FH2 
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domains as likely candidates. Further investigation will be required to test if 
the FH1/FH2 domains or others, in addition to formin-binding proteins 
(FBPs), enable formins to act as mechanotransducers.       
 
 
4.4 Co-operation between formins for cellular actin polymerization  
In a complex milieu where actin polymerization supports a variety of cellular 
structures and processes, it is not surprising to find instances when one or 
more members of the formin family act co-operatively. For example, in 
fission yeast, assembly of the contractile ring to facilitate cytokinesis is a 
function of two formins – For3 and Cdc12 (Coffman et al., 2013). Indeed, 
double mutants for For3 and Cdc12 (truncation mutant) are completely 
defective in assembly and constriction of the contractile ring (Coffman et al., 
2013). Further, interaction between two formins can also result in an 
inhibition of the activity of one formin by the other. In a yeast two-hybrid 
screen, Inverted formin 2 (INF2) was found to interact with diaphanous 
related formins mDia1, mDia2 and mDia3 (Sun et al., 2011). Detailed 
characterization of this interaction revealed an inhibitory effect of INF2 
towards the Rho-dependent actin polymerization and serum response factor 
(SRF) activation properties of mDia1 (Sun et al., 2011). Therefore, an 
interaction between formins could also serve as a negative regulatory 
mechanism for the control of actin polymerization in cells (Sun et al., 2011; 




Due to the ability of formins to bind differentially to a wide variety of 
partners, there also exist instances when formins function non-redundantly in 
organizing the actin or microtubule cytoskeletons. Formins mDia1, mDia2 
and mDia3 have been shown to interact with different binding partners to 
regulate in a non-redundant manner the capture of cortical microtubules for 
directed chemotaxis in breast carcinoma cells (Daou et al., 2014). In the 
process of myofibrillogenesis in cardiomyocytes, formins mDia2, DAAM1, 
FMNL1 and FMNL2 localize differentially and function independently to 
support global assembly of myofibrils (Rosado et al., 2014). Furthermore, 
FMNL1 and FMNL2 were also specifically involved in repair of myofibrils 
upon Latrunculin A induced actin depolymerization (Rosado et al., 2014).          
 
In this study, for the first time, we report functions for formins mDia1 and 
Fmnl3 in supporting F-actin polymerization at the AJ and in turn regulating 
E-cadherin stability in both quiescent and migrating monolayers. We 
demonstrate that combined inhibition of both mDia1 and Fmnl3 activities 
results in drastic failure in the formation of cell-cell junctions (refer Figure 
3.8), indicating co-operation between these two formins at the AJ. We were 
successful in localizing Fmnl3 specifically at the AJ; however, difficulty in 
localizing mDia1 in epithelial cells remains a challenge to overcome. Due to 
our inability to localize endogenous or exogenously introduced mDia1, we 
were unable to identify co-localization, if any, between Fmnl3 and mDia1 in 




As Fmnl3 and mDia1 share nearly 50% sequence similarity with each other, it 
is possible to hypothesize cross-activation of these formins mediated by their 
DID and DAD domains, akin to the interaction observed between INF2-DID 
and mDia1-DAD (Sun et al., 2011). Performing co-immunoprecipitation 
experiments using full-length tagged (for instance, using myc- and flag-tags) 
Fmnl3 and mDia1 can confirm this possibility. Upon confirmation of an 
interaction between Fmnl3 and mDia1, further systematic analysis of 
interaction between specific domains of Fmnl3 and mDia1 can be carried out. 
In addition, performing co-immunoprecipitation experiments for endogenous 
Fmnl3 and mDia1 in non-transfected cells would confirm direct interaction 
between these two formins. Our data and observations suggest that Fmnl3 and 
mDia1 function co-operatively to polymerize actin at the AJ. Indeed with the 
knowledge of specific domains in these formins that interacts with each other, 
we could test for co-operative actin polymerization in vitro using the pyrene 
actin polymerization assay. Due to the inability in simultaneously visualizing 
both Fmnl3 and mDia1 in live cells, it is unclear if both formins contribute to 
polymerizing the same or distinct pools of actin at the AJ. Using new genome 
editing techniques such as the CRISPR/Cas9 system to differentially label 
these formins at endogenous loci could aid in dissecting their specific 
contributions to actin polymerization at the AJ.   
 
Interestingly, in a collective cell migration model, we show a striking absence 
of lamellipodium formation associated with KD of both mDia1 and Fmnl3 
(refer Figure 3.15). To our knowledge, this is the first evidence to show co-
operation between two formins in supporting formation of lamellipodial 
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protrusions, and warrants further investigation. In a recent study, mDia1 was 
demonstrated to be an initiator of actin filament polymerization, which served 
as a template for the Arp2/3 complex to subsequently expand the 
lamellipodial structure (Isogai et al., 2015). Conversely, in a different study, 
FMNL2 was found to function in the lamellipodium as an elongation factor of 
actin filaments that were initially nucleated by the Arp2/3 complex (Block et 
al., 2012). Hence, it is likely that initiation and branching of actin filaments in 
a lamellipodium might be regulated by the concerted or sequential actions of 
more than one type of nucleator, including multiple formin proteins. 
Generation of cell lines with stable expression of Fmnl3 and mDia1, or 
labeling of these proteins at their endogenous loci, will be crucial to enable 
dissection of their roles in lamellipodium formation. Further, epidermal 
growth factor (EGF) application on single cells can be used to stimulate 
ruffling and lamellipodium generation to analyze localization and 
spatiotemporal recruitment of these formins to the cell edge. In addition, 
super-resolution imaging techniques (such as STORM) could assist in 
studying the localization of Fmnl3 and mDia1 in conjunction with 
lamellipodial actin labeling at the nano-scale.  
 
4.5 Cellular tug-of-war between actin nucleators 
Actin polymerization by a variety of nucleators is essential to support a 
multitude of cellular structures and processes including migration, 
morphogenesis, cytokinesis, and repair; as reviewed in (Welch and Mullins, 
2002; Goode and Eck, 2007; Qualmann and Kessels, 2009; Campellone and 
Welch, 2010). Furthermore, in mammalian cells, several actin structures are 
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assembled via cooperation between different actin nucleators; for example, in 
stress fiber assembly (Hotulainen and Lappalainen, 2006; Tojkander et al., 
2012) and formation of lamellipodia (Svitkina and Borisy, 1999; Bear et al., 
2002; Block et al., 2012).  
 
More recent evidence also suggests the existence in cells of a fine balance 
between the activities of different nucleators that must compete for a common 
resource, that is, a limited pool of G-actin. For instance, in the fission yeast 
Schizosaccharomyces pombe, inhibiting the Arp2/3 complex promotes 
assembly of formin-polymerized actin cables, while formin inhibition results 
in increased Arp2/3-polymerized actin patches (Burke et al., 2014). Further, 
the G-actin binding protein profilin is a key regulator of this balance, both in 
yeast as well as mammalian cells, by favoring formin or Ena/VASP-mediated 
actin polymerization over the Arp 2/3 complex (Rotty et al., 2015; Suarez et 
al., 2015). In our system, we find increased cell spreading upon inhibition of 
formin activity (SMIFH2) or KD of mDia1 or Fmnl3, which is abrogated with 
simultaneous inhibition of the Arp2/3 complex (CK666) (refer Figure 3.2). 
The sudden availability of a large pool of G-actin is likely responsible for 
enhanced activity of other actin nucleators, resulting in cell spreading and in 
turn an indirect effect on cell-cell junctions. Moreover, as demonstrated in a 
recent study by (Lomakin et al., 2015), perturbation of myosin-II activity that 
results in the disassembly of cortical actomyosin bundles (such as those found 
at the AJ) is sufficient to switch cellular behavior from an epithelial to a 
protrusive migratory phenotype. Taking all these data into account, we reason 
that the phenotypes we observe at the epithelial AJ are not only a direct 
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consequence of formin activity at the AJ, but also due to promotion of 
Arp2/3-dependent spreading in the absence of formins.  
 
As discussed previously, it is worthwhile to remember the important 
contributions of the Arp2/3 complex in regulating actin dynamics at the AJ 
(refer Chapter 1, section 1.3.1). In this context, it still remains unclear if the 
Arp2/3 complex and formins cooperate to polymerize the same or potentially 
distinct pools of actin filaments at the AJ. If these two classes of nucleators 
function independently at the AJ, how a balance is achieved between their 
activities given a common pool of G-actin is not understood. Development of 
reagents and methods to differentially label actin networks polymerized by 
distinct nucleators could aid in resolving these unanswered questions.    
 
4.6 Maintenance of columnar shape in epithelial monolayers   
As described in our results, suppression of formin activity resulted in the 
transition of a monolayer of columnar epithelial cells to one that was 
squamous (refer Figure 3.1). While we show that this phenomenon is 
primarily driven by increased activity of actin nucleators such as the Arp2/3 
complex, we did not investigate other potential mechanisms for loss of 
columnar cell shape characteristic of epithelia.  
 
In a recent study by (Gavilan et al., 2015), the microtubule (MT)-binding 
protein CAP350 was shown to localize at the AJ in MDCK epithelial 
monolayers via binding to α-catenin, and enable the establishment of apico-
basal MTs to support columnar cell architecture. shRNA-mediated KD of 
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CAP350 resulted in the failure of epithelial polarization, with KD monolayers 
containing flatter cells compared to control (shCAP in Figure 4.2A), highly 
reminiscent of the phenotypes we observe with SMIFH2-treatment (Figure 
4.2B).  
 
Several members of the formin family have been implicated in stabilizing 
MTs independent of their actin-polymerization functions; as reviewed in 
(Bartolini and Gundersen, 2010; Chesarone et al., 2010). More specifically, 
mDia1 has been shown to stabilize and orient microtubules during wound 
healing (Palazzo et al., 2001), while FMNL3 regulates endothelial MTs and 
supports angiogenesis in zebrafish (Hetheridge et al., 2012). In our study, we 
assessed the localization and effects of depletion of mDia1 or Fmnl3 at the AJ 
with regards to actin polymerization and E-cad stabilization. However, we did 
not test directly the role for these formins in regulating MT function at the AJ. 
Further analysis of MT dynamics at the AJ could help understand if the loss 
of epithelial polarity upon SMIFH2 treatment is also a consequence of 





Figure 4.2: Maintenance of columnar shape in epithelial monolayers 
(A) KD of microtubule-binding protein CAP350 results in loss of typical 
columnar epithelial architecture in MDCK monolayers1. 
(B) Inhibition of formin activity in EpH4 monolayers results in flattening of 
cells. Further investigation is required to understand the contributions of MTs 
in this process, if any. Scale bar, 20µm.    
[1Figure 4.2A reproduced from (Gavilan et al., 2015) published in PLOS Biology under the 
Creative Commons Attribution (CC BY) license. Terms of this license allowing free access 
and reuse of material, subject to citation, can be found at: 
http://journals.plos.org/plosbiology/s/content-license, or in Appendix section 6.2 of this 
thesis.]     
 
4.7 Formins in EMT and cancer  
EMT is a complex biological process associated with several dramatic 
changes including transcriptional down-regulation of E-cadherin, loss of cell-
cell adhesion and reorganization of the actin cytoskeleton (Lamouille et al., 
2014). The role of formins in EMT and malignant transformation in cancers is 
poorly understood. A handful of studies have directly tested whether a role for 
formins exists in EMT and/or cancer progression. Formin Homology 2 
Domain containing 1 (FHOD1) has been implicated in EMT in oral squamous 
cell cancers, where its up-regulation promotes cell migration and invasion 
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(Gardberg et al., 2013). Higher expression levels of Formin-like 2 (FMNL2) 
are positively correlated with EMT and increased tumor cell invasion in 
models for colorectal carcinoma (Zhu et al., 2008; Li et al., 2010). On the 
contrary, our results demonstrate a protective role for FMNL3 in supporting 
epithelial phenotypes and preventing cell dispersion. We find, in a range of 
ovarian cancer cell lines, that mesenchymal cancer cells are associated with 
negligible expression of FMNL3.  
 
The study of formin functions in EMT and cancer has remained challenging 
due to the diverse expression profile of fifteen different formins across several 
cell types (Krainer et al., 2013). Further, we lack comparative expression data 
for formins in normal and malignant tissues, as well as specific antibodies and 
reagents to localize all members of the formin family. More detailed 
characterization of formin expression profiles in human tumors of various 
tissue types will enable better dissection of roles for formins in cancer cell 
migration. In addition, cancer metastases also requires adhesion of tumor cells 
to the endothelium lining blood vessels, as well as intravasation and 
extravasation to sites of secondary tumor formation. Interestingly, knockdown 
of FMNL1 in a human leukemia model resulted in lower ability of cancer 
cells to undergo trans-endothelial migration (Favaro et al., 2013).  
 
These studies highlight essential roles for formins in several stages of EMT 
and cancer progression, and undoubtedly require further investigation to 
potentially identify formin biomarkers associated with various kinds of 
human cancers.     
4. Discussion 
	 99	
4.8 Conclusions and future perspectives  
Work outlined in this thesis provides novel insights into the functions of 
formins mDia1 and Fmnl3 at cell-cell junctions under conditions of 
homeostasis or migration. In particular, we focused on elucidating roles for 
these formins in regulating adhesion stability and strength in epithelial 
monolayers. Our findings have important implications in extending our 
understanding of diseases such as cancers that is associated with altered AJ 
turnover and cytoskeletal reorganization, and misregulation of formin 
expression.  
 
Some broader outstanding questions, stated below, still remain in the study of 
formins and other actin nucleators, and will be essential to address in future 
studies:  
1) What is the architecture of actin structures associated with AJ, and what is 
the contribution of each nucleator to this organization?  
2) Do formins and the Arp2/3 complex act co-operatively or do they each 
nucleate specialized actin structures at the AJ? 
3) How are the activities of multiple classes of actin nucleators integrated at 
the AJ (including the Arp2/3 complex, Formins and Mena/VASP)?  
4) Finally, is there redundancy in the function of formins at cell-cell junctions 
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